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Abstract 
Somatosensation refers to an integrated percept consisting of information from the 
skin and muscles, e.g., touch and proprioception. Together these disparate inputs 
provide information about the state of the body, with respect to itself and the external 
world. Due to the partially unconscious nature of the somatic senses and the 
complexity of this distributed system, much remains unknown about its supportive 
neurocognitive mechanisms. In the current thesis I aimed explore the modulation of 
somatosensory perception and integration as a function of habitual patterns of action. 
That is, how patterns of sensory input resulting from activity can shape the 
organisation of the somatosensory system and multisensory integration processes. 
Distinct experimental paradigms and somatosensory sub-modalities were explored, to 
provide converging evidence for this investigation. 
The first series of experiments looked at how habitual tactile stimulation might affect 
the representation of touch in the somatosensory system. Touch perception of the 
fingers can be improved by tactile stimulation (i.e. tactile perceptual learning). 
Learning transfers from trained to untrained fingers in a pattern reflecting the 
underlying relationships between fingers in the somatosensory system. I predicted 
repetitive patterns of touch resulting from daily use between fingers should affect this 
representation and, therefore, be reflected in learning transfer. A trained group 
underwent seven sessions of testing and training over four days. This was compared 
with an untrained control group. A divergence was identified in the transfer of 
learning from a trained middle finger to two fingers that are physically and cortically 
adjacent to the trained finger. I suggest this divergence may have resulted from 
documented differences in cooperative finger use with the middle finger. These 
results demonstrate how repetitive patterns of action are a potential organising force 
in the human somatosensory system. 
In a second line of research, I expanded my investigation into multisensory 
contributions to somatosensory perception. I used a modification of the classic rubber 
hand illusion (RHI) to investigate the integration of proprioceptive and visual hand 
position information. In this paradigm, an illusory spatial disparity is created between 
visual and proprioceptive hand position, and the strength of multisensory integration 
is measured by the shift of felt position towards the seen position (proprioceptive 
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drift). Here I was interested in how habitual patterns of action can shape multisensory 
integration within peripersonal space. I predicted a difference in the integration of 
visual and proprioceptive hand information within the habitual action space of the 
arm, versus beyond the action space of the arm. Unlike previous studies I fixed the 
relative distance between the real and false hand, while varying the absolute position 
of the two hands in space. By doing so I was able to look at the effect of proximity to 
the action space alone without the confounding influence of the relative distance 
between sensory inputs (also known to affect integration). In Experiment One, I 
demonstrated a spatial modulation of drift across the workspace of the left hand – 
where visuo-proprioceptive integration was greatest in the habitual action space of the 
hand. In a follow up experiment, I compared this effect for the left and right hands to 
reveal these integration differences are indeed due to the hand position, and not a 
simple processing bias within the left or right hemispace. Overall, my results suggest 
that multisensory integration is anchored to action space, rather than to the hand itself. 
In a final experiment I investigate the multicomponent model of self-representation. I 
ask whether self-localisation (i.e. the sense of where your body is located in space) is 
a related, but dissociated phenomenon to subjective self-representation (i.e. 
embodiment and ownership). I predicted that these phenomena are distinct processes, 
supported by different mechanisms of multisensory integration. To test this prediction 
I tested the RHI under a condition that was expected to alter self-localisation 
(measured using ‘drift’) but not subjective self-representation (measured using a 
questionnaire). In this condition, I placed the participant’s hand within the habitual 
action space of the arm and shifted felt position laterally out from this location, 
towards extracorporeal space (RHI Out Condition). I compared this with a control 
condition that was not expected to modulate either drift or subjective questionnaire 
outcomes (RHI In Condition). It was predicted that drift would be greater in the Out 
condition as compared to In, but that there would be no significant difference in 
subjective questionnaire reports. This dissociation should be possible because, we 
suggest, subjective illusion is based on a different mechanism of multisensory 
integration that is unrelated to functional interaction with space. It would, therefore, 
be unaffected by proximity of the hand to action space. Results revealed drift was 
indeed greater in the Out condition compared to In, but subjective illusion was not 
different between conditions. My results support the dissociation of subjective and 
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drift related outcomes of the RHI. I discuss the related, but distinct multisensory 
mechanisms supporting these two outcomes and their likely neural locus. 
In conclusion, the results of the current thesis revealed that there is significant 
evidence that patterns of habitual action affect somatosensory perception and 
integration processes. Specifically, functional interaction with the world shapes 
somatosensory processing through schedules of sensory input. Manipulation of 
somatosensory perception is a useful tool for studying the neurocognitive mechanisms 
supporting such processes.
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General introduction 
What is somatosensation? 
The term somatosensation refers to the various body-related percepts that contribute 
to our awareness of where our body is in space, what it is doing and the various 
experiences arising on or around the skin surface. More specifically it is a complex 
system that consists of various somatic sub-senses that are formed by a combination 
of receptors (e.g., mechanoreceptors, thermoreceptors, chemoreceptors) (Feldman & 
Brecht, 2005; J. H. Kaas, Nelson, Sur, Lin, & Merzenich, 1979). 
The somatic senses are typically divided into three main categories. First, 
proprioception, which combines information from peripheral and vestibular afferents 
to allow awareness of the position of the body in space and the relative position of 
body-parts (Proske & Gandevia, 2009). Second, tactile perception, which is formed 
from a variety of receptor modalities and includes any touch related sensations, 
whether felt actively or passively (Van Boven & Johnson, 1994). Haptic perception – 
referring to the recognition of objects through touch – is inconsistently included in the 
definition of somatosensation. This involves elements of position estimation (e.g., of 
hand position and conformation), as well as, tactile perception on the skin (Flanagan 
& Lederman, 2001). 
Somatosensation is not classified as one of the traditional ‘five senses’ probably due 
to its diverse and partially unconscious nature (Pellijeff, Bonilha, Morgan, McKenzie, 
& Jackson, 2006). Despite this lack of recognition, however, the constant presence 
and integration of somatosensory inputs is thought by many to form the basis of our 
fundamental conscious bodily experience (Gallagher, 2005; Tsakiris, 2010). 
Experimental modulation of somatosensation to investigate the neurocognitive 
mechanisms supporting perception 
While subjectively our somatosensory experience and bodily representation seems 
continuous and perpetually stable, we can in fact directly alter somatosensory 
perception in large and dramatic ways (Medina & Coslett, 2010). For example, 
somatosensory perception is improved following sensory training (Harrar, Spence, & 
Makin, 2014; J. A. Harris, Harris, & Diamond, 2001; Muret et al., 2014; Sathian & 
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Zangaladze, 1997, 1998). This process is commonly termed ‘perceptual learning’ and 
typically involves exposure to somatosensory stimuli with feedback on the nature of 
the stimuli to guide learning. Additionally, perceptual illusions can be used to induce 
a multisensory conflict, subsequently causing a displacement of the somatosensory 
percept from the veridical (Armel & Ramachandran, 2003; Botvinick & Cohen, 1998; 
Ehrsson, 2007; Ehrsson, Spence, & Passingham, 2004; Lenggenhager, Tadi, 
Metzinger, & Blanke, 2007). 
Brief summary of thesis content 
In Chapter One of the current thesis I will provide a summary of research into the 
somatosensory system. I will discuss how these experimental modulations of 
perception have informed our understanding of supportive neural mechanisms, and 
what they reveal about dynamic plasticity of somatosensory perception in response to 
experience (Adab & Vogels, 2011; Law & Gold, 2008, 2009; A. Reed et al., 2011; 
Sathian, Deshpande, & Stilla, 2013). Finally, I will outline areas where gaps still exist 
in our understanding and how research conducted in the current thesis attempts to 
address outstanding questions. 
As discussed above, the current body of literature reveals that unimodal inputs (i.e. 
from within the same modality) as well as multisensory inputs (i.e. modalities 
external to somatosensation) alter somatosensory perception. In the current thesis I 
aim to investigate a fundamental question regarding somatosensory plasticity – to 
what extent does experience modulate the somatosensory system? Specifically, I am 
interested in investigating whether patterns of habitual action affect the organisation 
of the somatosensory system and multisensory integration areas that also process 
somatosensory input. This research will inform about the basic nature of the 
somatosensory system and is critical for a full understanding of this integrated system. 
I will explore this topic by answering three related questions: 
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1. Do historical patterns of somatosensory input modulate somatosensory
processes? 
Somatosensory perception can be enhanced significantly through direct training 
(Harrar et al., 2014; A. L. Kaas, van de Ven, Reithler, & Goebel, 2013; Sathian & 
Zangaladze, 1997). Perception of somatosensory stimuli can also be improved 
through passive exposure, potentially through similar mechanisms (see discussion in 
Seitz & Watanabe, 2005). In the light of this information, I investigated to what extent 
regular spatial and temporal patterns of sensory input that occur during daily life 
(hereafter ‘habitual’ patterns of input) affected somatosensory perceptual processes.  
It is has been demonstrated in various experimental contexts that the nature of sensory 
input modulates the organisation of perceptual systems (Howard, Ingram, Körding, & 
Wolpert, 2009; Ingram, Kording, Howard, & Wolpert, 2008; Karklin & Lewicki, 
2009; Makin, Wilf, Schwartz, & Zohary, 2010; Wilf, Holmes, Schwartz, & Makin, 
2013). It remains unknown, however, to what extent these principles hold in the 
somatosensory modality. Thus, in the current thesis I ask how the properties of 
habitual sensory input affect somatosensory learning patterns. 
In Chapter Two, I present an experiment investigating how habitual tactile input 
(caused by co-activation of the fingers in action) affects tactile perceptual learning. I 
demonstrate that unimodal tactile training dramatically improves tactile 
discrimination on the middle finger of the hand. This learning then spreads from the 
trained to untrained (naïve) fingers in a pattern consistent with their 
representation/mapping in somatosensory cortex. I present novel evidence that 
learning transfers differently to two fingers that have the same basic topographic 
relationship with the trained finger (i.e. both fingers are directly adjacent neighbours, 
on the same hand) but have distinct patterns of cooperative use with the trained finger 
(Belić & Faisal, 2015; Ingram et al., 2008). I suggest that this divergent learning 
transfer effect represents differences in the cortical overlap of the finger 
representation zones (i.e. more or less overlapping zones). I explain how these 
differences in overlap could occur due to tactile coactivation of fingers in daily 
cooperative action, through the same Hebbian mechanisms which cause the basic 
topographic structure of the primary somatosensory cortex (Detorakis & Rougier, 
2014). This demonstrates how patterns of habitual tactile input can shape the 
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organisation of the primary somatosensory cortex (SI) and thereby affect tactile 
perceptual learning. 
2. Do habitual patterns of sensory input affect the integration of somatosensory 
and visual inputs? 
In Chapter Three, I move from representation of the fingers in the somatosensory 
system to representations of the hand and arm. I provide further evidence regarding 
the modulation of somatosensory perception by habitual patterns of sensory input 
using a modification of the classic rubber hand illusion (RHI) paradigm (Botvinick & 
Cohen, 1998). This paradigm allows manipulation of somatosensory perception by 
false visual information – whereby visual hand position is integrated with felt 
position, to draw the felt location of the hand to the seen location (this shift, which is 
a behavioural marker of visuo-proprioceptive integration is called proprioceptive 
‘drift’). 
My results demonstrate that visuo-proprioceptive integration is enhanced in the 
typical ‘action space’ of the arm. This is reflected in greater drift when the hand is 
positioned near the arm, decreasing as the hand position moves laterally away from 
this area. In a second experiment, I compare drift for illusion interventions for the 
right and left hands. The results support the role of the body-space (as opposed to 
external-space) as the cause for the modulation of visuo-somatosensory integration 
demonstrated in Experiment One. This also supports the concept of perception as a 
flexible (rather than objective) reflection of the world, which interacts bi-directionally 
with the motor system (Witt, 2011). I discuss the utility of enhanced multisensory 
integration in the action space for successful hand-eye coordination and discuss how 
this represents a new demonstration of the way patterns of sensory input shape 
perception and the systems supporting them. 
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3. What aspects of multisensory body representation are affected by proximity to 
the habitual action space of the arm? 
Is subjective self-representation dissociable from self-localisation? 
The previous experiments of the current thesis suggest that patterns of sensory input 
resulting from habitual action affect somatosensory perception as well as the 
multisensory integration of somatosensory inputs with other inputs. We wished here 
to exploit this knowledge in order to investigate the coherence of multisensory body 
representation processes. The estimation of body position is a multisensory process 
where the final percept is based on a weighted combination of all sensory position 
information, and weighting is based on the reliability of the information (Ernst & 
Banks, 2002; van Beers, Sittig, & Dernier van der Gon, 1999). Our subjective 
experience of owning and embodying our bodies is also suggested to be rooted in the 
congruence of multisensory body inputs (Tsakiris, 2010). Position estimation and 
subjective self-representation have been largely regarded as reflecting two aspects of 
the same process (Botvinick, 2004; Botvinick & Cohen, 1998). However, evidence is 
now mounting to suggest these might be related, but distinct processes that are based 
in different mechanisms of multisensory integration (Rohde, Di Luca, & Ernst, 2011). 
In the final experiment of the current thesis (Chapter Four) I use the modified RHI 
paradigm described above to assess directly whether these two processes can be 
dissociated by explicitly manipulating one without altering the other. Following from 
the results of Chapter Three, I aimed to increase explicitly the strength of visuo-
proprioceptive integration (and therefore increase drift) by varying the distance of the 
participant’s actual hand with respect to the habitual action space. In one condition, 
the actual hand was placed in the centre of the habitual action space (see Howard et 
al., 2009) and felt position was shifted out from this location, towards extracorporeal 
space (RHI Out condition). In a second condition these positions were reversed, and 
the hand image was in the habitual action space while the actual hand was further 
away from the body (RHI In condition). I predicted this should lead to greater drift in 
the former condition than in the latter. Subjective experiences of body-ownership and 
embodiment (of the hand undergoing the manipulation) were assessed by way of a 
questionnaire. I present evidence that proprioceptive drift following illusion induction 
was indeed greater in the Out condition as compared to the In condition. There was, 
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however, no change in subjective illusion. Explicit manipulation of drift in the Out 
condition lead to a reduction of the normal correlation between subjective RHI and 
drift – indeed while there was a significant correlation in the In condition, this became 
non-significant in the Out condition. These results support the premise that subjective 
and somatosensory outcomes in the RHI represent related, but distinct outcomes that 
may be supported by different neurocognitive mechanisms. 
Finally, Chapter Five provides an integrated account of the experimental evidence 
presented here that patterns of sensory input subsequent to habitual action of the body 
modulate somatosensory perception and processes . I summarise the evidence that 
patterns of habitual sensory input affect somatosensory perception and learning. I also 
recount the evidence presented that suggests multisensory integration of 
somatosensory inputs can be altered not only the presence of actual physical body 
parts within spaces, but also by experience – irrespective of the actual presence of a 
body part. I discuss how such research is critical in understanding the plasticity of the 
somatosensory system as it occurs in the adult brain, beyond the critical period of 
early childhood (Gilbert, 1998; Rakic, 2002; Rapp, Hendel, & Medina, 2002). Finally 
I describe how we can exploit such understanding to induce or enhance plasticity. 
This can allow us to optimise perception in healthy individuals, and expedite recovery 
following damage or insult to the somatosensory system (Pascual-Leone, Amedi, 
Fregni, & Merabet, 2005; Sens et al., 2012; T. Weiss et al., 2011). 
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Chapter One: Introduction and literature review 
The malleability of somatosensory percepts and processes – Previous research 
In the following introduction I will describe what manipulation of basic perceptual 
processes has revealed regarding the fundamental mechanisms of somatosensory 
perception. In Part One, I will discuss how somatosensory perception can be 
improved through schedules of exposure and training, as demonstrated by perceptual 
learning paradigms. I briefly present evidence for such learning from the domains of 
proprioception and haptic perception, before focusing on tactile perceptual learning, 
which forms the basis for Experiment One. Finally, I describe how tactile perceptual 
learning has been used to inform about the organising principles of the somatosensory 
cortex. 
Following this is a discussion of the links between Parts One and Two – which 
investigate touch and proprioception respectively. Research is presented which 
explores the interplay of these somatosensory sub-modalities. Particularly, how in 
combination (but not in isolation) they permit detailed spatial information about the 
world. I discuss how research regarding these sub-modalities in the current thesis is 
not only complementary, but necessary for a full understanding of somatosensory 
processes. 
In Part Two, I explore research regarding the plasticity of position estimation of the 
hand. The role of ‘proprioceptive drift’ as a proxy measure for multisensory 
integration is described – particularly in the context of the highly popular rubber hand 
illusion paradigm (Botvinick & Cohen, 1998). I will discuss evidence suggesting drift 
reflects the outcome of visuo-proprioceptive integration and how this process is 
affected by the reliability of sensory information – particularly with regard to optimal 
integration theory (Lackner & Taublieb, 1984). 
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Part One: Somatosensation can be enhanced by unimodal somatosensory inputs 
– Perceptual learning
1.1 Historical summary of somatosensory perceptual learning research to date 
Perceptual learning paradigms examine change in sensory perceptual thresholds 
resulting from experience and systematic exposure to sensory stimuli (Gilbert, 1996). 
These psychophysical changes are coupled with modulations of neuronal sensitivity 
(Zohary, Celebrini, Britten, & Newsome, 1994). Some argue this learning is specific 
to attended or task-related sensory inputs (Ahissar & Hochstein, 1993; Sathian & 
Zangaladze, 1997) though learning has also been demonstrated following unattended, 
as well as passive exposure to stimuli (Seitz & Dinse, 2007), and stimuli below the 
conscious perceptual threshold (Watanabe, Náñez, & Sasaki, 2001). ‘Repetitive 
somatosensory stimulation’ (RSS) paradigms are used to look at acuity and neural 
changes following induction of cortical plasticity through stimulation alone – 
achieved by applying trains of stimulation to a restricted skin area using a solenoid 
(wire coil) (Godde, Spengler, & Dinse, 1996). It is unclear whether these changes 
represent ‘learning’ as traditionally conceptualised (because there is no task or stimuli 
to learn). Such changes may simply reflect the sensory outcomes of plasticity in the 
somatosensory system affected by such stimulation protocols. Interestingly, 
perceptual learning has also been demonstrated to occur in the absence of stimulus 
presentation. In a study by Shibata and colleagues participants used a real-time 
functional magnetic resonance imaging (fMRI) neurofeedback paradigm to activate 
particular parts of their visual cortex using directed mental exertion. The area 
activated corresponded with a neural location representing a particular target stimuli 
(i.e. the frequency/orientation of a visual grating). They found improved visual 
perception at post-test specific to the target stimuli. This demonstrates stimulus-
independent plasticity in low-level visual areas is sufficient to permit enhancement of 
visual perception (Shibata, Watanabe, Sasaki, & Kawato, 2011). 
While it is possible to produce discrimination improvements through the methods 
above, systematic discrimination training typically produces faster and more effective 
learning because training enhances exposure effects (Seitz & Dinse, 2007). Such 
training involves repeated presentation of the target stimulus, which is subjected to 
conscious attention by the participant (Ito, Westheimer, & Gilbert, 1998; Moran & 
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Desimone, 1985). Training can also involve the participant learning to perform 
particular behaviours in a stereotypical manner, which necessitates schedules of 
tactile input (Jenkins, Merzenich, Ochs, Allard, & Guic-Robles, 1990). Training 
occurs with feedback on discrimination accuracy, to further enhance learning (Fahle 
& Edelman, 1993; Petrov, Dosher, & Lu, 2006). 
Somatosensory perceptual learning – Evidence across sub-modalities 
Perceptual learning has been demonstrated across the somatosensory sub-modalities 
(touch, proprioception and haptics). In touch, training improves tactile perception 
across a wide range of tasks including spatial discrimination of groove/ridge widths 
on tactile grating stimuli (Sathian & Zangaladze, 1997), spatial dot offset in the 
Ludvigh task i.e. tactile Vernier task (A. L. Kaas et al., 2013), grating orientation 
(Harrar et al., 2014), vibration frequency, punctate pressure and surface roughness (J. 
A. Harris et al., 2001). Indeed some studies have produced improvements in tactile 
perception into the range of hyperacuity (discrimination finer than that predicted by 
receptor density) (Sathian & Zangaladze, 1998) as seen in visual perceptual learning 
(Poggio, Fahle, & Edelman, 1992). When proprioception is trained, there are 
significant improvements in estimation of the relative position of body parts, and their 
position in external space (Hoffman & Payne, 1995; Lum, Burgar, Shor, Majmundar, 
& Van der Loos, 2002; Malliou, Gioftsidou, Pafis, Beneka, & Godolias, 2004; 
Proteau, Marteniuk, & Lévesque, 1992). Under prolonged visual occlusion of the 
body, the dependence of executed actions on the pure sensorimotor representations 
increases over time (Proteau et al., 1992). Training in successful position estimation 
can increase postural control in healthy subjects due to improved perception of 
proprioceptive inputs (e.g., lower-extremity postural sway training: Hoffman & 
Payne, 1995). This can also have a preventative effect on future injury (Malliou et al., 
2004), or can help ameliorate deficits in position estimation after insult or injury (e.g., 
upper-extremity robot-assisted stroke rehabilitation: Lum et al., 2002). Finally, haptic 
skill training produces improvements in the tuning and calibration of haptic task 
performance (Wagman, Shockley, Riley, & Turvey, 2001). Haptic learning can be 
enhanced with haptic guidance protocols, which physically guide an individual 
through an ideal motion by a haptic interface, allowing a kinaesthetic representation 
of task-requirements (Feygin, Keehner, & Tendick, 2002). 
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1.2 Neurophysiological basis of finger inter-relationships 
In the following section, I will describe in brief what is known about the physiology 
of the somatosensory system, focusing on the primary somatosensory cortex. In 
particular I will describe the nature of finger relationships in this system and how 
these relationships reflect the patterns of tactile learning documented that will be 
explored in subsequent sections. 
The primary somatosensory cortex (SI) 
Wilder Penfield first identified SI as being involved in the perception of touch and 
demarcated its location at the posterior edge of the central gyrus of the parietal lobe 
(Penfield & Boldrey, 1937). Within SI there is an orderly topographic representation 
of body parts where, as described above, adjacent body parts on the body lie next to 
each other in the brain i.e. ‘somatotopy’ (J. H. Kaas et al., 1979). There are a few 
minor discontinuities in this typically orderly map, such as the face-hand border and 
foot-genital border (Farah, 1998). Within larger body parts a finer-grained topography 
also exists. The best-documented example of this is in the somatosensory hand area 
that contains an orderly representation of the glaborous (and semi-orderly 
representation of the palmar) surfaces of the five individual digits, with some 
selectivity for individual finger pads (first described in monkeys by Merzenich, Kaas, 
Dur, & Lin, 1978). 
Cytoarchitectonic subdivisions 
Within SI, there are four distinct cytoarchitectonic sub-divisions: area 3a, which sits 
in the fundus of the central sulcus, area 3b which is posterior to this and extends up 
the rostral bank of the post-central gyrus and onto the post-central gyrus, and areas 1 
and 2 which are arranged posterior to this respectively (Geyer, Schleicher, & Zilles, 
1999). Area 3 is now suggested to receive the majority of input from the ventro-
posterior thalamus and feedback a large amount of information to areas 1 and 2 
(which have reduced thalamic input) (E. Jones, Coulter, & Hendry, 1978). 
The cytoarchitectonic sub-divisions are known to have different microstructural 
organisation and functional properties (J. H. Kaas et al., 1979; Powell & Mountcastle, 
1959). Area 3a is suggested to receive largely proprioceptive inputs (Iwamura, 
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Tanaka, Sakamoto, & Hikosaka, 1993). The primary input to area 3b is information 
regarding tactile cutaneous inputs, particularly ‘light touch’ (causing a slight 
depression on the skin). Other sub-regions, such as area 2, are known to encode 
preferentially deep body and muscle stimuli – largely supporting proprioception (J. H. 
Kaas et al., 1979). Area two, however, has been demonstrated to also receive inputs 
from larger areas of skin including multiple fingers or both whole hand surfaces 
(Iwamura, Iriki, & Tanaka, 1994) [see Figure 2, top panel & expansion below]. 
 
 
 
Figure 1. Top panel, taken from Iwamura et al. (1994): Electrophysiological 
recording in non-human primates reveals complex receptive field (RF) structures in 
area 2. a) Stimulation revealed RFs responsive to individual finger segments, across 
multiple whole fingers (two to five), across all fingertips and wide range of other 
configurations. b & c) Location of recording sites within the rostral bank and fundus 
of the inter-parietal sulcus. Bottom panel, taken from Thakur, Fitzgerald, & Hsiao 
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(2012). Similar methods (combined with non-linear modelling) also reveal complex 
RF structures in area 3b of non-human primates [see text below for further details]. 
Multi-digit receptive fields 
The transfer of tactile perceptual learning has been suggested to occur as a result of 
‘overlap’ between individual finger representational zones in the somatosensory 
system (J. A. Harris & Diamond, 2000). This overlap likely results from neurons with 
receptive fields (RFs) representing multiple fingers. The patterns of overlap seen in SI 
bear similarity to the patterns of transfer seen in tactile perceptual learning, suggesting 
that while SI and its subdivisions may not be the site of learning itself (discussed 
further below), they must play a critical role in learning outcomes (e.g., topographic 
transfer: Harrar et al., 2014). 
Later somatosensory areas contain neurons with a diverse range of RF structures, such 
as whole hand or multiple fingers (area 2: Iwamura et al., 1994). Regarding the role of 
these areas in the transfer of tactile perceptual learning, areas 1 and 2 likely support at 
least some aspects of homologous transfer (Sathian & Zangaladze, 1998) because 
they are known to have more extensive cortico-cortical and callosal connections with 
the contralateral hand than earlier areas (Killackey, Gould, Cusick, Pons, & Kaas, 
1983). 
Area 3b, which was once thought to contain almost exclusively neurons with single 
digit RFs (Merzenich et al., 1983; Wang, Merzenich, Sameshima, & Jenkins, 1995), 
has now been revealed to contain neurons with complicated RF structures. 
Demonstrating this, Thakur, Fitzgerald, and Hsiao (2012) use complex non-linear 
modelling to interpret electrophysiological mapping of 3b in monkeys. They found 
that while the majority of neurons representing finger pads follow the ‘classical’ 
conceptualisation, i.e. consist of a single excitatory RF on a primary finger (e.g., 
65/80) there are also neurons which have an additional secondary excitatory point on 
an adjacent finger (2/80) or those that have an inhibitory RF on another part of the 
same finger (5/80), among others [see Figure 2, bottom panel]. Further, neurons in 3b 
across the hand have been found to interact, even when they have separate RFs (J. L. 
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Reed et al., 2008). In humans, fMRI reveals reduced individuation of finger 
representation as location moves from the posterior bank of the central sulcus 
(approximately 3b) to the post-central gyrus (approximately area 1). In this later 
region, activation of one representational area was often caused by multiple (up to all 
five) fingertips (Besle, Sánchez‐Panchuelo, Bowtell, Francis, & Schluppeck, 2014). 
Thus the fine-grained specificity in transfer documented in tactile perceptual learning 
may indicate a role for more anterior cortical areas in transfer. Area 3b was thought 
only to hold ipsilateral relationships between finger areas but fMRI research in 
humans has recently revealed the existence of individuated finger representations of 
the contra and ipsilateral body sides in 3b of SI (Tamè et al., 2012), which could also 
support contralateral transfer of learning. 
Subcortical structures potentially have a role in tactile learning and transfer. Various 
levels of topography have been identified in areas further down from the cortex in the 
somatosensory system, such as in the spinal chord and cuneate nucleus. In these areas 
there is some evidence for individual finger representations (Florence, Wall, & Kaas, 
1989). The cerebellum also contains a rough somatotopy, though there are more 
discontinuities and several reduplications of body-part representations throughout 
(reviewed in Stoodley & Schmahmann, 2009). Recent research has revealed that some 
aspects of plasticity in SI might be driven by activity in subcortical areas (Kambi et 
al., 2014). For this reason, while Experiment One couches topographic tactile 
perceptual learning primarily in terms of changes occurring in somatosensory cortex 
(G. H. Recanzone, Merzenich, Jenkins, Grajski, & Dinse, 1992) and discusses RF 
properties at this neural level (Thakur et al., 2012) it may be that lower and higher-
order areas are inseparable in their contributions to learning-related plasticity (see 
continued discussion in Chapter Two). 
1.3 Transfer of tactile perceptual learning – Evidence from multiple paradigms 
Global transfer of tactile perceptual learning 
One of the most interesting properties of tactile perceptual learning is that the sensory 
benefits afforded by training (or exposure, as the case may be) are not restricted to the 
skin surface or stimulus feature that has been trained. The transfer of tactile learning, 
(also referred to as ‘generalisation’), refers to the spread of perceptual improvements 
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conferred by training (Fiorentini & Berardi, 1980; Sathian & Zangaladze, 1997). For 
example, this might mean an individual is trained to improve acuity on their index 
finger, but also demonstrates improved acuity on the middle finger (transfer of 
location). If an individual is trained to improve perception of tactile grating stimuli 
and subsequently improves at a two-point discrimination task this would be an 
example of feature transfer. 
Learning transfer has been commonly investigated between the fingers of the hand. 
Various early studies on tactile perceptual learning, reported transfer of learning 
following training on one finger to all untrained fingers tested, [e.g., Figure 1, panel 
c]. Sathian and Zangaladze (1997) asked participants to scan two tactile gratings with 
one fingertip to determine if they felt the same or different (with the probability of 
either outcome randomised). They found significant transfer from the trained index 
finger to the untrained index and (in a subset of participants) the adjacent middle 
finger of the same hand. In a subsequent study (Sathian & Zangaladze, 1998) 
participants were asked to distinguish between two lines of three dots, one of which 
had the middle dot offset slightly to the side, using the right index. They found that 
practice effects transferred completely to the left index at post-test. Spengler and 
colleagues (1997) applied vibrotactile stimuli to the distal and/or proximal segments 
of the index, middle and ring finger using two bars. Participants were trained to detect 
vibrotactile targets applied to their non-dominant hand and then tested, post 3-4 weeks 
of training (3-5 sessions per week), on their non-dominant hand. They report full 
transfer of perceptual learning to the homologous hand, revealed by comparable mean 
and SDs in the trained hand at post-test (though this does not appear to have been 
statistically verified) (Spengler et al., 1997). Finally, Nagarajan et al. (1998) trained 
individuals to discriminate between two pairs of sequentially-presented vibrotactile 
pulses which were delivered to the same restricted skin location (one pair spaced with 
a ‘target’ interval, the other a non-target interval, order randomised). The task was to 
determine which of the pulses was the target (two-alternative forced choice, 2AFC). 
Training was conducted either on the thenar eminence of the lower-thumb, the middle 
or ring finger of one hand. They found complete (of equivalent magnitude) transfer to 
the homologous skin site in all cases, and complete transfer to the adjacent site when 
training either finger. These studies report that tactile perceptual learning transfers to 
all untrained skin locations. Due to the restricted range of skin sites tested (either 
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homologous alone, or homologous and adjacent alone), they are limited in the 
conclusions they can draw regarding the true borders of learning transfer. 
Topographic transfer 
More recent studies have expanded the number of testing sites beyond the limited 
range tested by early research to reveal that tactile perceptual learning does not 
transfer from the trained skin location to all other locations – rather, this spread is 
selective. For example, Harrar and colleagues (2014) trained participants to 
distinguish the orientation of a tactile grating stimulus ranging in groove and ridge 
width (widths were isometric). The range of widths meant the gratings ranged in 
perceptual discrimination difficulty. Participants were asked to determine whether the 
presentation was vertical or horizontal. One fingertip was trained over four days – 
either the index, or middle of the left or right hands and all four fingers were tested 
for their tactile threshold pre- and post-training. At post-test they demonstrated that 
training-related improvements spread from the trained finger, to the trained finger’s 
adjacent neighbour and homologous (contralateral) counterpart, but not other fingers 
– not falling into one of these topographic relational categories. Harris and colleagues 
(2001) tested the index, middle and ring of both hands before and after training on 
either a pressure perception task (using von Frey hairs), a vibrotactile task, or a 
roughness perception task using a between-subjects design. They found that tactile 
threshold (on the training task) improved significantly in the trained, adjacent and 
homologous fingers at post-test for the pressure and vibrotactile tasks, but only in the 
trained finger for the roughness perception task (though in this task, there were 
reduced training trials and it might be argued there was not sufficient learning to 
achieve transfer). 
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Figure 1. Taken from Harrar et al. (2014): Modelling of four hypothetical outcomes 
of tactile learning following training on one finger (T: ‘trained’ finger) and testing on 
the trained, adjacent neighbouring finger (A), the homologous counterpart of the 
trained finger (H, i.e. if T is right index, H is left index) and another finger (O: 
‘other’) not falling into one of these relational categories [labels depicted in far left 
panel]. It is suggested here that following training on T, learning may either spread 
‘globally’ to all fingers [panel C] or not spread at all [panel d]. Alternately, it may 
spread ‘topographically’ i.e. to fingers that are related in the somatosensory system, 
but not to unrelated fingers. If transfer is topographic, it may occur in a gradient – 
where the most closely related fingers receive the most transfer and less related 
receive less [panel e]. Or it may be complete – all topographically related fingers 
learn to the same extent [panel f]. The results of Harrar et al. (2014) support the final 
scenario, with equivalent learning after training in the trained, adjacent and 
homologous fingers. They suggest they were able to achieve more complete transfer 
than previous studies that supported a gradient, [e.g., panel e, see Harris et al., 2001] 
due to procedures designed to allow optimal transfer of learning (described below). 
 
It is now suggested that the boundaries of tactile learning transfer are determined by 
the relationship of the trained and untrained body locations in the somatosensory 
system (Harrar et al., 2014; J. A. Harris & Diamond, 2000; J. A. Harris et al., 2001; J. 
A. Harris, Petersen, & Diamond, 1999; A. L. Kaas et al., 2013; Muret et al., 2014). 
Learning is said to transfer from one body part to other body part(s) that share 
representation in this system (defined physiologically in sections below), and not 
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transfer to those that do not share representation. This transfer has thus been called 
‘topographic’ transfer as it occurs as a function of the topography that is a hallmark of 
the somatosensory system (Harris et al., 1999). 
‘Complete’ versus ‘gradient’ of transfer in topographic tactile learning 
While consistent in their support for the role of somatosensory topography in 
determining the occurrence of tactile learning, there is disagreement between groups 
regarding the extent of topographic transfer. Harris and colleagues (Harris et al., 
1999; 2000; 2001) argue for a topographic transfer gradient, where the magnitude of 
transfer is directly related to the distance in the cortex from the trained location, [e.g., 
see Figure 1, panel e]. Harris and colleagues support this claim with 
electrophysiological recording data in rats: they demonstrate that the extent to which 
tactile learning transfers from a trained to untrained whisker depends on the 
relationship between whiskers in the barrel cortex – with greater proximity of cortical 
zones leading to greater and more rapid transfer of learning (J. A. Harris & Diamond, 
2000; J. A. Harris et al., 1999). They also support this gradient by demonstrating, in 
their study with human participants described above (2001) that there is a trend for 
the ‘other’, non-topographic fingers to improve compared to baseline (though this is 
non-significant, and their measure does not account for generalised learning from 
testing, e.g., using a non-trained control group). 
Harrar and colleagues (2014), on the other hand, state that all topographically related 
fingers receive complete transfer of learning, leading to perceptual improvements of 
precisely equivalent magnitude. Indeed, this is what they found, with their results 
reflecting the hypothesis in Figure 1, panel f. They suggest that previous studies, 
which resulted in incomplete transfer or a transfer gradient, might result from training 
procedures not allowing optimal transfer. In their study, they incorporated procedures 
– derived from visual perceptual learning (described below) to achieve efficient
transfer of learning (see below). 
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Task-effects causing transfer or specificity in visual learning 
Evidence from visual perceptual learning suggests that the extent of transfer is 
critically related to training protocols and task design (Ahissar & Hochstein, 1997; H. 
Harris, Gliksberg, & Sagi, 2012; J. Y. Zhang, G. L. Zhang, et al., 2010; Zhang, Xiao, 
Klein, Levi, & Yu, 2010). For example, visual task training often produces learning 
that is highly specific to the stimulus feature trained (e.g., grating orientation) 
(Fiorentini & Berardi, 1980; Shiu & Pashler, 1992). However, it has been 
demonstrated recently that transfer of visual perceptual learning to other untrained 
retinal locations can be produced using a training-plus-exposure procedure known as 
‘double training’ (T. Zhang et al., 2010). Task difficulty has also been found to 
modulate generalisation magnitude. Ahissar and Hochstein (1997), for example, 
trained participants to identify a target line within an array of lines. When the task 
was easy (large orientation difference between the target and array) there was transfer 
of learning to new target orientations (features) and array locations, but not for hard 
conditions. Harrar et al. (2014) incorporated various methods to enhance transfer 
including short training with varied stimuli (Harris et al., 2012) and baseline 
measurements in untrained locations (i.e. double training) suggesting that topographic 
transfer can occur to the same extent in all topographically related locations when 
optimal training procedures are utilised. In Experiment One, topographic tactile 
perceptual learning is induced replicating the procedures of Harrar et al. (2014) to 
also allow for complete and efficient learning transfer (see Chapter Two for full 
details). 
1.4 What is the nature of the neurocognitive mechanism supporting tactile perceptual 
learning? 
Two major competing hypotheses have been put forward regarding the 
neurocognitive mechanism supporting somatosensory learning. Some suggest 
discrimination improvements result directly from low-level changes in the 
representation of sensory stimuli in primary somatosensory areas (Jenkins et al., 1990; 
G. H. Recanzone, Merzenich, Jenkins, et al., 1992; G. H. Recanzone, Merzenich, & 
Schreiner, 1992). It has been proposed that behavioural changes are reflected in direct 
changes to cortical representational zones (‘maps’), the sharpening of tuning curves 
and reduction of the signal-to-noise ratio in the trained body map to allow better 
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detection of stimuli (Bejjanki, Beck, Lu, & Pouget, 2011; Gilbert, Sigman, & Crist, 
2001; Yang & Maunsell, 2004).  
Supporting this, electrophysiological studies involving perceptual training on one 
finger in monkeys have been documented to produce a variety of changes in the 
representation of the trained and [at least one] other finger in area 3b of SI (Jenkins et 
al., 1990; G. H. Recanzone, Merzenich, Jenkins, et al., 1992; G. H. Recanzone, 
Merzenich, & Schreiner, 1992). Recanzone, Merzenich, Jenkins and colleagues 
(1992) found that changes in area 3b, but not 3a, could account for the perceptual 
improvements documented following training. Evidence suggests that following 
repetitive-stimulation of the fingers (e.g., RSS, described above), plastic changes in 
finger representation occur mostly at a cortical, rather than subcortical, level (Wang et 
al., 1995). For example, repeated synchronous co-stimulation of digits 2 to 4 has been 
found to cause alteration in the representations of these fingers in area 3b, with no 
significant changes in ventro-posterior thalamus response maps (Wang et al., 1995). 
Other theories state sensory representations of stimuli in the cortex remain 
unchanged, and it is the neural ‘read-out’ of these lower-order representations by 
higher-order areas at the decision-making or interpretation stage that change with 
training (DiCarlo, Johnson, & Hsiao, 1998; Petrov, Dosher, & Lu, 2005; Sathian et 
al., 2013). 
Supporting this, Sathian et al. (2013) found no evidence for SI changes following 
tactile perceptual learning when looking at changes in functional connectivity in the 
human brain. They trained subjects in a microspatial tactile task producing a six-fold 
reduction in tactile acuity thresholds. Examining connectivity between brain regions 
with fMRI, they found training-related increases in task-specific activation primarily 
in subcortical and anterior neocortical regions (implicating motor and/or decision 
processes) with relatively few changes in somatosensory areas. Thus, there is 
contradictory evidence for the level at which changes occur following tactile 
stimulation and learning across the literature. 
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Distributed processing of tactile perceptual learning 
Throughout the history of tactile perceptual learning research, the extent of learning 
transfer has been used as an indicator of the neural level at which learning is 
occurring. Higher- and lower-order accounts of perceptual learning were thought to 
generate contrasting predictions about the boundaries of transfer. According to the 
proposed lower-order explanation, tactile learning should not generalise beyond 
trained body locations, because neuronal populations in low-level areas code for 
discrete, segregated bodily locations (J. H. Kaas et al., 1979; Merzenich et al., 1978). 
A strictly higher-order account of perceptual learning would predict global transfer of 
tactile learning to any body location tested, due to learning occurring in either ‘later’ 
somatosensory areas where neurons encode larger or multiple body parts (RF 
properties reviewed in Iwamura, Tanaka, Iriki, Taoka, & Toda, 2002) or higher-order, 
non-topographic brain areas (Sathian et al., 2013). 
As reviewed above, the findings of perceptual learning research do not reflect 
precisely the predictions of either of these accounts. Consequently, new theories 
suggest learning occurs across multiple levels of the neural hierarchy – involving 
primary cortical areas as well as frontal and parietal areas (Byers & Serences, 2012; 
Law & Gold, 2008, 2009). Reverse Hierarchy Theory (Law & Gold, 2008) suggests 
that perceptual learning is a top-down guided process, beginning at higher-order (non-
sensory) locations where selective tuning of low-level signals occurs, sharpening the 
response properties to allow better discrimination. Ahissar and Hochstein (2004) 
suggest the difficulty of the sensory discrimination required or other high-level 
attentional mechanisms might determine the level at which processing occurs. That is, 
if tuning at high levels is not sufficient to allow learning to occur, learning proceeds 
backwards, down to lower-order input levels where the signal-to-noise ratio is 
improved (Ahissar & Hochstein, 2004). 
Consistently, topographic transfer patterns may reflect activity of cortical areas 
further up the cognitive hierarchy that receive inputs from lower-order 
topographically organised areas such as SI (i.e. decision-level reweighting of 
perceptual readout, see Sathian, Deshpande & Stilla, 2013). For example, improved 
readout of a neuron by a higher-order area would improve perception of inputs from 
this individual neuron, as well as its topographic relatives that the neuron also 
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encodes for by way of overlapping RFs. In this way, learning does not need to occur 
in a somatotopically organised area to allow topographic learning, if a higher-order 
area that does learn is reading out inputs from a topographically organised area 
(Harrar et al., 2014). Therefore, regardless of whether the actual learning related 
changes are occurring at a lower or higher neural level, topographic tactile learning 
transfer suggests that the organisation of lower-order somatosensory areas is indeed 
critical in determining the transfer of learning. It may be that low-level plasticity is 
not a definitive outcome of perceptual training, though it can and does occur in certain 
contexts (Seitz, 2011). It is clear from the amount of contradictory results in the field 
that further research is required to understand the properties determining the neural 
locus of learning.  
1.5 Organising principles of the somatosensory cortex – why does topography exist? 
One question remains open regarding the causative mechanism of topographic 
organisation: is it simply a biologically hardwired property of the system? Or, is there 
an active process that continues across the lifespan leading to this organisation? 
It has been suggested that schedules of tactile input are critical to the generation and 
maintenance of topography in somatosensory cortex (Detorakis & Rougier, 2014). 
Basic topography is generated, therefore, as a result of coincident input-dependent 
(Hebbian) synaptic change mechanisms. For example, multi-digit RFs result for areas 
that receive repetitive tactile stimulation (Wang et al., 1995). The physical distance on 
the body determines the schedule of concurrent or divergent touch inputs, e.g., closest 
neighbouring fingers being co-stimulated more frequently than more distant 
neighbours. In this way, adjacent fingers are represented next to each other on the 
cortex, and contain overlapping RFs due to synchronous inputs (Detorakis & Rougier, 
2014). 
Given that we know the co-stimulation of fingers has such a profound effect on 
cortical finger representation, I wished to investigate whether there is indirect 
evidence that habitual action of the hands influences the topographic relationships 
between fingers through the resultant patterns of tactile co-stimulation. Consequently, 
in Experiment One I used a tactile perceptual learning experiment to reflect the 
underlying relationships between fingers in the somatosensory system. I hoped to 
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determine whether the pattern of tactile perceptual learning might reflect documented 
differences in the way the fingers are used together in daily action (i.e. the middle 
finger is used more commonly with the ring finger than the index) [see Chapter Two 
for more details]. 
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Introduction to Part Two: The interaction of sub-modalities within 
somatosensation – From touch to proprioception 
Touch perception provides a wealth of information – particularly regarding the 
physical properties of surfaces and the nature of the touching/touched object 
(Flanagan & Lederman, 2001). Slowly adapting (type I) afferents provide critical 
information about form and texture, rapidly adapting afferents regarding perception of 
slippage when grasping, flutter and perception of motion. Pacinian corpuscles allow 
perception of ‘micro-textures’ and textures explored with tools (Hollins & Bensmaïa, 
2007; Muniak, Ray, Hsiao, Dammann, & Bensmaia, 2007; Yoshioka, Bensmaia, 
Craig, & Hsiao, 2007). C fibres encode various sensations: polymodal C nociceptors 
have large and complex RFs and provide information on painful stimuli, where 
specific C warm receptors provide information about temperature (Hallin, Torebjörk, 
& Wiesenfeld, 1982). Touch interacts with haptics to enhance the recognition 
capabilities of touch, i.e. information about the shape and conformance of a 
manipulated object (Klatzky, Lederman, & Metzger, 1985). As is evident, a wide 
range of characteristics can be quickly and easily gleaned through touch alone. 
Touch can also provide a distinct and highly important function, which is to provide 
spatial information about the world. This sub-modality, in itself, is not highly 
informative – because the position of body-parts changes with respect to the external 
world. Thus, information from skin receptors needs to be integrated with 
proprioceptive information regarding the posture of the body to localise touch in 
egocentric space (Canzoneri, Ferrè, & Haggard, 2014). Electrophysiological studies 
reveal that position of the hands affects somatosensory evoked potentials to tactile 
stimuli (Rigato et al., 2013). This may occur through ‘postural representations’ that 
exist in the brain and allow the mapping of touch and proprioceptive information 
relative to external, non-somatotopic reference frames (Medina & Coslett, 2010). 
Clearly, a wealth of additional information is available through the combination of 
these two somatosensory sub-modalities, compared to either alone. 
The interaction of touch and proprioceptive signals is also critical for action because 
completely successful movement cannot be achieved without the two combined 
(Sarlegna & Sainburg, 2009). Touch information provides feedback on pressure and 
resistance during a movement, and informs about force required such as in grip 
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(Johansson & Flanagan, 2009). Skin stretch provides kinaesthetic information to the 
central nervous system (Edin & Johansson, 1995). Proprioception provides 
information regarding the position of the body at the start of a movement, which is 
critical for successful execution (Bock & Arnold, 1993; Bock & Eckmiller, 1986; 
Desmurget, Vindras, Grea, Viviani, & Grafton, 2000; Ghilardi, Gordon, & Ghez, 
1995; Jaric, Corcos, & Latash, 1992; Prablanc, Echallier, Jeannerod, & Komilis, 
1979; Rossetti, Desmurget, & Prablanc, 1995). Another critical function of 
proprioception and touch in action is in matching the end-point position of one’s 
limbs with the intended position (Farrer, Franck, Paillard, & Jeannerod, 2003). 
Especially in the absence of vision these two modalities are highly important to 
successful operation in the world (Touzalin-Chretien, Ehrler, & Dufour, 2010). It is 
particularly interesting to understand, however, how these multiple sensory modalities 
interact when – as in normal daily life – all inputs are present. How do these inputs, 
which enter the brain by distinct pathways, and are processed in disparate primary 
sensory regions, combine to form an integrated percept? 
In Part Two, I will describe the low-level processing of proprioceptive information, as 
it occurs though multiple afferent pathways and receptor systems. I then describe the 
interaction of touch, proprioception and vision in daily life: where and how does this 
integration occur? Are any neural transformations of sensory information necessary to 
integrate these separate modality inputs? Is the integration evenly weighted? That is, 
do all sensory inputs have the same effect on the construction of the final percept? 
And what is the nature of the neurocognitive mechanism supporting the integration of 
somatosensory and visual information? Finally, I introduce previous research that 
investigates this process of integration, particularly regarding the integration of spatial 
body position information. These studies demonstrate how manipulation of 
multisensory integration paradigms can reveal information about supportive brain 
mechanisms. 
To conclude Part Two, I introduce the final experiments of the thesis. In Experiment 
Two, I investigate whether the integration of somatosensory and visual information is 
affected by historical schedules of temporal input and attention – specifically, as 
resulting from action. To complement this, in Experiment Three I question whether I 
can exploit the modulation of visuo-somatosensory integration by proximity to action 
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space to answer other questions about the complexity of human bodily self 
representation. Specifically, I describe how I wish to determine whether position 
sense and subjective self-representation are dissociable concepts in self 
representation. These two outcomes have been found to be correlated by various 
previous studies (Botvinick & Cohen, 1998; Longo, Schüür, Kammers, Tsakiris, & 
Haggard, 2008; Lopez, Lenggenhager, & Blanke, 2010). I wish to modulate drift to 
demonstrate these outcomes are separable, and therefore support the premise that they 
are based on related but distinct multisensory integration mechanisms. 
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Part Two: Proprioceptive perception and proprioceptive-multisensory 
integration 
2.1 Position estimation of the limbs in humans and its neurocognitive basis 
Position estimation involves the estimation of the location of the body space, as well 
as the location of the limbs with respect to the body and each other. This estimation 
occurs through a complicated process involving the combination of multiple sensory 
sources of afferent information, generating a unified final position state estimate (van 
Beers, Baraduc, & Wolpert, 2002; van Beers et al., 1999). Information from 
proprioceptive afferents (i.e. ‘proprioceptive information’) is typically heavily relied 
upon to make judgements of position estimation (Teasdale et al., 1993). Position 
estimation, however, represents the outcome of integration. Near synchronous inputs 
from a variety of afferents are combined: including sensory afferent neurons from the 
muscles and stretch receptors in the muscle spindle, as well as receptors in the soft-
tissue of joints inform about flexion and extension of the limbs (Proske & Gandevia, 
2009; Wilson, Wong, & Gribble, 2010). Cutaneous receptors of the skin provide 
information about stretch and compression of bodily tissue – critical in position sense 
during movement and less so to static position sense (Grigg, 2010). Information from 
the vestibular system is central to the perception of body posture and position sway. 
Indeed, in the conscious perception of sway, vestibular information is an order of 
magnitude more effective to the final percept than visual or proprioceptive 
information alone (Fitzpatrick & McCloskey, 1994). Active contraction of the 
muscles around a joint significantly enhances postural acuity compared to passive 
muscle tone (Fitzpatrick, Taylor, & McCloskey, 1992). While appearing to be effort-
free, balance regulation and posture through the integration of external and internal 
inputs has been demonstrated to require various levels of cognitive control, with high-
load balance situations creating demands on higher-order cognitive systems (Lajoie, 
Teasdale, Bard, & Fleury, 1993; Teasdale et al., 1993). 
Position estimation in the absence of vision – the role of proprioceptive information 
The role of afferent sensory information in body position estimation, movement and 
posture has been studied using deafferented individuals, such as those with large-fibre 
sensory neuropathy. These disorders cause the elimination of tactile sensation, 
position sense and stretch reflexes, but with generally preserved muscle condition 
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(Ghilardi et al., 1995). Interestingly, some sense for movement appears to be 
preserved, possibly through efference copies of the movement (Medina, Jax, Brown, 
& Coslett, 2010). Errors in movement planning appear to be responsible for some 
aspects of movement and body position problems in deafferentation – suggesting 
proprioceptive input is necessary for the maintenance of the internal representation of 
the body as well as providing online position feedback (Ghilardi et al., 1995). 
Deafferentation research also reveals the heavy reliance on visual information for 
successful movement and the maintenance of posture in the absence of 
proprioception. With visual inputs, movement can be achieved with moderate success, 
but without peripheral feedback extensive postural inaccuracies are observed as well 
as large errors in movement execution (Sanes, Mauritz, Evarts, Dalakas, & Chu, 
1984). Thus it is clear somatosensory feedback, as well as vision, plays an important 
role in body position estimation. 
Measuring precision and accuracy of position estimation under visual occlusion 
Previous research has demonstrated that accuracy in human position estimation varies 
as a function of the position of the limb with respect to the body. More specifically, 
the position of the limb is encoded in a limb-centric reference frame (Rincon-
Gonzalez, Buneo, & Tillery, 2011). A reference frame is a set of axes used to 
represent the location, position or orientation of an object. The organisation of this 
system typically hinges on a reference point (e.g., another object, direction or 
location) that determines the size and structure of the framework. 
Hand position, for example, is encoded in an egocentric map that originates at the 
hand’s shoulder of origin (Haggard, Newman, Blundell, & Andrew, 2000; Jola, 
Davis, & Haggard, 2011; S. A. Jones, Cressman, & Henriques, 2010). Accuracy in 
position estimation decreases for extreme relative to regular joint postures, suggesting 
natural arm posturing reflects minimisation of errors arising from the configuration of 
joints (Rossetti, Meckler, & Prablanc, 1994). Thus, the representation of the arm 
derived from proprioceptive information is organised with respect to the direction that 
maximally activate the receptors of the arm – high activation and therefore, accuracy 
at the shoulder, decreasing with lateral distance (Soechting & Flanders, 1992). 
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The biases and error in hand localisation reflect this mapping, forming a limb-centric 
distribution [see Figure 3 for example of such errors in a reach-to-target task]. 
‘Accuracy’ in position estimation is often measured according to two aspects of 
perception: static localisation – which refers to the ability to spatially localise the limb 
position (either with respect to external space or another part of the body). 
Localisation acuity is also a common measure – acuity in this context refers to the 
ability to accurately discriminate changes in felt position, with respect to a previous 
position, for example. 
Both static localisation and acuity have been found to be optimal when the hand is 
near the body and decrease as position moves further away (Fuentes & Bastian, 2010; 
Rincon-Gonzalez et al., 2011; van Beers, Baraduc, et al., 2002; van Beers, Sittig, & 
Denier van der Gon, 1998; Wilson et al., 2010). Similarly, within reaching space, 
accuracy in static localisation is significantly greater in ipsilateral compared to 
contralateral positions – though this is not seen outside reaching space (Rincon-
Gonzalez et al., 2011). In position acuity, accuracy in detecting and discriminating 
change is significantly improved for hand positions near the shoulder, decreasing with 
radial distance from this position (Wilson et al., 2010). Given the separate systems 
supporting action and perception (Goodale & Westwood, 2004) it is not yet clear 
whether accuracy near the shoulder holds consistently for static localisation [this 
question will be addressed in Chapter Three, Experiment Two]. 
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Figure 3. Taken from K. E. Jones, Wessberg, & Vallbo (2001). End-points for 
reaches towards a target when reaching with either (panel A) the right hand reaching 
to the left hand (which was the target), or (panel B) reaching with the left hand to the 
right hand. The black circle represents the reach start-point. Targets are represented 
by inner, solid circles and reach end-points by the further, square shaped points (67% 
confidence ellipse surrounds reach end-point). Results indicate that end-point of 
reaching errors are arranged with respect to the position of the reaching arm – 
fanning out from the shoulder of origin in an approximately circular radius. 
 
The accuracy of bodily position estimation is very important because it has a large 
effect on the generation and execution of action. Inaccurate perception of the limb 
position, for example, causes significant errors in the initial direction, end-point 
accuracy and variability of the action (Bock & Arnold, 1993; Bock & Eckmiller, 
1986; Desmurget et al., 2000; Ghilardi et al., 1995; Jaric et al., 1992; Prablanc et al., 
1979; Rossetti et al., 1995). 
Unresolved issues in position estimation – Stability of position estimation over time 
Perhaps one of the most contentious issues within proprioception research is the 
stability of proprioception in the prolonged absence of visual information (also known 
in the field as ‘proprioceptive drift’, though distinct from the ‘drift’ explicitly 
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generated by perceptual illusions such as the rubber hand illusion). A number of 
studies suggest the ability to localise limbs begins to degrade almost instantly 
following visual occlusion. Consequently, it is claimed position accuracy decreases 
steadily over time when not continuously recalibrated by vision (Craske & Crawshaw, 
1975; Jeannerod, 1988; Paillard & Brouchon, 1968; Vindras, Desmurget, Prablanc, & 
Viviani, 1998; Wann & Ibrahim, 1992; Wolpert, Goodbody, & Husain, 1998). Other 
studies, however, failed to find incremental decreases in blind position accuracy over 
time and suggest proprioception is stable over time (Desmurget et al., 2000; Horch, 
Clark, & Burgess, 1975; Kelso & Scott, 1979; Rey & Lichter, 1971). Further clouding 
the issue, certain prominent studies supporting the degradation of position sense in the 
absence of vision have been suggested by critics to have methodological issues that 
cloud their interpretation. Desmurget and colleagues (2000) propose two such studies 
(Paillard & Brouchon, 1968; Wann & Ibrahim, 1992) are confounded by static biases 
in position estimation present at baseline that may have been used to enhance 
accuracy at post-test. They contend any difference in ability to locate the limb 
(attributed to signal deterioration) could be the result of progressive degradation over 
time of these cues received at hand positioning. It is possible, therefore, that the 
deterioration in position estimation identified in previous studies is a by-product of 
confounding memory, attention or strategy effects [see Desmurget et al. 2000, for 
more information]. Overall, reduction in the ability to localise limbs under visual 
occlusion is a genuine phenomenon, or the result of experimental confounds cannot 
be determined at this stage. It is also possible that this degradation may occur under 
certain proprioceptive conditions (e.g., active movement) but not others, such as static 
position estimation – though this needs to be further established by experimentation 
[see the Supplementary Section Two of Chapter Two]. 
2.2 Visuo-proprioceptive multisensory integration 
One important area of research regards the relative roles of visual and proprioceptive 
information in bodily position information when both are available: What is the role 
of each single modality, and how are they integrated to form a coherent percept? This 
is a particularly interesting question given what is known about the marked 
differences in reliability and precision of the sensory inputs [continued in Section 2.3 
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below] and the different references frames used for representation and storage of 
visual and proprioceptive information [continued in the following section]. 
Multiple concurrent sensory reference frames exist within the posterior parietal 
cortex 
We now know that the central nervous system constructs several distinct 
representations for encoding the spatial location of an object (Avillac, Deneve, 
Olivier, Pouget, & Duhamel, 2005; Bernier & Grafton, 2010; Boussaoud & Bremmer, 
1999; Buchholz, Jensen, & Medendorp, 2013). It was once thought the sensory 
modality of the object dictated the reference frame used for encoding its location 
(Knudsen, Lac, & Esterly, 1987; Lacquaniti & Caminiti, 1998; Soechting & Flanders, 
1992). This was supported by evidence suggesting gaze-centred coordinates are used 
for reaches to visual targets but reaches to body position targets (i.e. grounded in 
proprioceptive information) are coded in a head or body-centred reference frame 
(Bernier & Grafton, 2010; Boussaoud & Bremmer, 1999; Martha Flanders, Tillery, & 
Soechting, 1992; Soechting & Flanders, 1989). 
Some research suggested processes involving multiple sensory systems required 
information to be transformed into the reference frame of each effector involved 
(McGuire & Sabes, 2009) or a common reference frame (Martha Flanders et al., 
1992; Soechting & Flanders, 1989) via a linear or hierarchical series of computations 
from eye, to head, to body-based coordinate systems. Some models also included an 
‘intermediate’ map that codes spatial position in a partially eye, head and body-based 
frame (Fiehler, Rösler, & Henriques, 2010). It was proposed that transformation was 
necessary because the axes of different sensory coordinate systems did not align, 
hence could not be directly compared (Soechting & Flanders, 1992).  
Other discoveries, however, suggest that the posterior parietal cortex (PPC) may 
contain multiple concurrent reference frames for the encoding of spatial location. In 
other words, eye-centred, head-centred and body-centred organisations 
representations occur in the PPC in parallel, i.e. not requiring transformation (Avillac 
et al., 2005; Boussaoud & Bremmer, 1999; Buchholz et al., 2013). Computational 
models suggest individual neurons can form part of multiple circuits supporting 
distinct spatial representations – allowing many such representations to exist at once 
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within individual neural areas (Fiehler et al., 2010). Indeed, neurons within the 
inferior parietal lobule have been found to receive retinal, orbital-eye position and 
head-position signals (Andersen & Mountcastle, 1983; McGuire & Sabes, 2009). 
Bernier and Grafton (2010) found heterogeneity of reference frames throughout the 
parietal lobe using fMRI BOLD signal analysis. They identified certain neural 
locations, particularly the anterior precuneus, that flexibly change their mode of 
spatial representation from gaze-centred to body-centred coding depending on the 
sensory modality of targets for reaches. This allows simultaneous processing within 
such neural locations – permitted through flexible access to multiple modes of 
representation (Bernier & Grafton, 2010). Buchholz, Jensen and Medendorp (2013) 
found oscillatory neural activity suggesting body-centred and gaze-centred activity in 
extrastriate areas during delayed, blind reaches toward tactile stimuli located on the 
non-stimulated hand indicating distributed, concurrent processing across reference 
frames during reach planning. Thus, for visuo-proprioceptive integration an explicit 
transformation between reference frames might not be necessary because the 
concurrent existence of a body-centred map of visual information and retinotopic map 
of body position information, which allows efficient and immediate integration of 
inputs from the two modalities. 
Experimental investigation of visuo-proprioceptive integration 
A popular paradigm to investigate the integration of visual and proprioceptive 
position information relies on the introduction of a bias in one sensory percept to 
examine the effect of this bias on the other (e.g., van Beers et al, 2002). While the 
basic sense of our body’s position in space seems fundamentally constant and stable, 
in contradiction to this, our position sense has been found to be highly manipulable in 
the face of contradicting information from other modalities, particularly vision 
(Altschuler & Ramachandran, 2007; Botvinick & Cohen, 1998; Guerraz et al., 2012; 
Holle, McLatchie, Maurer, & Ward, 2011; Rohde et al., 2011). This is thought to 
result, in some part, because much of the time humans actually have limited conscious 
awareness of proprioceptive signals (Pellijeff et al., 2006). 
This manipulability has been highly documented, using a number of experimental 
perceptual illusions where vision is used to alter position sense. One example is the 
mirror box illusion where healthy participants place one arm into a box with mirrored 
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sides that reflects the exposed arm, creating the illusion that the participant can see 
both their arms extended in front of them. Repositioning the reflected arm or allowing 
it to move around (whether actively or passively) causes shifts of felt position in the 
occluded arm in line with mirrored arm (Matthys et al., 2009) and other unusual 
somatic sensations (McCabe, Haigh, Halligan, & Blake, 2005). Mirror boxes have 
been widely applied in the treatment of various pain disorders, such as phantom pain 
and complex regional pain syndrome. It is suggested that felt signals from the hidden 
impaired, painful or missing limb are recalibrated to be in line with the seen 
unaffected limb (reviewed in Altschuler & Ramachandran, 2007). Evidence for the 
efficacy of this intervention in pain reduction, however, comes mostly from anecdotal 
sources and well-controlled scientific research is limited (Moseley, Gallace, & 
Spence, 2008). Prismatic goggles are another method of inducing visuo-
proprioceptive conflict. These goggles artificially shift the visual field cause 
realignment of position sense to match this visual shift (Newport & Schenk, 2012; 
Redding & Wallace, 2006; Rossetti et al., 1995). Prism adaptation can have longer-
term effects on position sense, with adaptation after-effects seen to persist for a period 
after the prism goggles have been removed (Hatada, Miall, & Rossetti, 2006). These 
multisensory conflict studies can be used to make inferences about the way in which 
visual and proprioceptive information are integrated, and, the relative effect of one 
input compared to another (the ‘weighting’) on the final percept (van Beers, Wolpert, 
& Haggard, 2002). 
The rubber hand illusion (RHI) 
Another paradigm popularly used to investigate the integration of vision and 
proprioception is the rubber hand illusion (RHI) (Botvinick & Cohen, 1998). 
Typically, in this illusion, a participant’s own hand is hidden (e.g., with an occluding 
screen) and a rubber hand is placed in an anatomically plausible position in front of 
the participant. According to the classical RHI induction procedure synchronous 
tactile stimulation is applied to the rubber hand and participant’s own hand to create a 
match between what is seen on the illusory hand and felt on the own hand – this is 
known as ‘intermodal matching’ (Botvinick & Cohen, 1998; Longo et al., 2008; 
Tsakiris & Haggard, 2005). 
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Figure 4. Taken from Botvinick (2004). Figure showing the set up and typical 
induction procedure for the RHI. The left hand panel represents pre-illusion onset: A 
participant sits at a table with a rubber hand in front of them in a similar position and 
posture to their own (hidden) hand. Intermodal matching is applied through 
synchronous brushing of the index finger of the real and rubber hands. The right-
hand panel represents post illusion-onset, where the felt position of the participant’s 
hand is altered to match the seen position of the rubber hand. Red spots on the brain 
surface of the participant in the right panel represent activation in the premotor 
cortex, which has been found by some to occur during the RHI using fMRI (Ehrsson 
et al., 2004). This activation is suggested to represent the realignment of tactile 
receptive fields for neurons representing the hand with visual receptive fields that 
centre on the rubber hand (see model in Botvinick, 2004). 
The RHI intervention causes a bias in position sense where, in the majority of 
participants, there is a shift in the estimated position of the participant’s hand away 
from its actual position towards the rubber hand (Botvinick & Cohen, 1998; 
Costantini & Haggard, 2007; Dempsey-Jones & Kritikos, 2014; Rohde et al., 2011; 
Tsakiris & Haggard, 2005). This change in position estimation from baseline to post-
test is termed proprioceptive ‘drift’. Various methods of quantifying this change have 
been used including inter-manual pointing or reaching (within-modality measures: 
Botvinick & Cohen, 1998) and visual reference point measures such as a ruler or 
visual marker which the subject uses as an external reference point to make verbal 
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responses of their hand position (Costantini & Haggard, 2007; Tsakiris & Haggard, 
2005). 
Other documented outcomes of visuo-proprioceptive conflict in the RHI – Subjective 
changes 
The RHI has long interested researchers who explore the subjective experience of ‘the 
self’ and the psychological experience of self-representation. This is because of the 
documented psychological outcomes of the visuo-proprioceptive conflict induced by 
the illusion: for example, following the intervention participants typically report 
significant changes in feelings of body-ownership, agency and subjective location of 
the own and rubber hand (Botvinick & Cohen, 1998; Costantini & Haggard, 2007; 
Ehrsson, Holmes, & Passingham, 2005; Tsakiris, Hesse, Boy, Haggard, & Fink, 
2007). Specifically, participants experience reduced ownership of their own hand and 
incorporation of the rubber hand into the body schema (Preston, 2013). 
In 2008, Longo and colleagues attempted to quantify these subjective changes. They 
used structured introspective reports to document the psychological experience of the 
RHI in a sample of participants. From these free-reports they generated 27 statements 
regarding various highly reported outcomes, they then performed the RHI on a group 
of 131 additional participants and obtained their ratings of these statements on a 
Likert scale. These responses were subjected to a principal components analysis to 
extract a reduced set of factors which best represented the collective experiences. 
They found that four main factors could explain the majority of participants’ 
experiences – these were alterations in embodiment of the rubber hand, loss of own 
hand, movement and affect. The embodiment factor, which explained 26.3% of all 
variance in experience, was formed of a further three subcomponents – ownership, 
location and agency. Their results suggest the RHI produces a complex change in 
normal human bodily experience, which suggests it may have interesting applications 
in the study and understanding of consciousness. 
2.3 What is the nature of the mechanism supporting visuo-proprioceptive integration 
in ‘drift’? 
Botvinick and Cohen (1998) suggested that a three-way interaction between vision, 
touch and proprioception occurs following this induction procedure whereby vision 
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and touch are merged because of the congruency between the visuo-tactile stroking on 
the own and rubber hand (termed ‘intermodal-matching’). Further, according to the 
original model of the RHI suggested by Botvinick and Cohen (1998) – as well as 
some newer models (Tsakiris, 2010) – induction of the RHI produces subjective 
changes, which in turn produce behavioural changes (drift). In this way, they consider 
proprioceptive drift to be a behavioural proxy for alterations in self-representation. 
This model has encountered some opposition in the light of evidence suggesting that 
subjective and behavioural indicators of the RHI, once considered to be causally 
linked may be correlated, but dissociable outcomes (Fiorio et al., 2011; Holle et al., 
2011; Honma, Yoshiike, Ikeda, Kim, & Kuriyama, 2014; Longo et al., 2008) and that 
drift can occur in the absence of intermodal-matching (Durgin, Evans, Dunphy, 
Klostermann, & Simmons, 2007; Holmes, Snijders, & Spence, 2006; Rohde et al., 
2011) [continued in the introduction to Chapter Four]. These findings have led to 
other accounts of drift that are couched purely in terms of multisensory integration 
[see below]. In Chapter Four, I present Experiment Three that investigates whether 
proprioceptive drift and subjective RHI outcomes are indeed related but dissociable 
aspects of body representation. This is critical in understanding the nature of the 
mechanism governing the integration of proprioceptive and visual body information 
in constructing our sense of self-location. It also informs as to whether more 
conceptual aspects of selfhood are rooted in multisensory integration processes (i.e. 
related to intermodal matching). 
Proprioceptive drift according to an optimal integration theory account 
Optimal integration theory describes how multisensory integration occurs as a 
function of the determined reliability of the available sensory inputs. Information 
from proprioceptive afferents in the skin, muscles and joints is the primary source of 
position information in normal self-localisation (Guerraz et al., 2012; Teasdale et al., 
1993). Thus, as applied to the RHI, the illusion induction introduces visual position 
information that is incongruent with the felt position – causing the brain to evaluate 
the reliability of the two disparate sources of position information (van Beers et al., 
1999). Position estimation is not completely accurate using proprioceptive 
information alone (Desmurget et al., 2000; van Beers et al., 1998; Vindras et al., 
1998). Further, the visual system has greater positional accuracy than can be obtained 
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from proprioceptive inputs (Guerraz et al., 2012; Hay, Pick, & Ikeda, 1965; Pick, 
Warren, & Hay, 1969). Finally, in the RHI, typically the quality of visual position 
information is high (i.e. clear, centrally positioned, high luminance). All these factors 
relating to the reliability of sensory information in combination lead the central 
nervous system to reduce the weight of proprioceptive information and increase the 
weight of the visual information. This leads to the shift of felt position towards visual 
position i.e. drift (Rohde et al., 2011). 
Vision was once believed to dominate over proprioception in every instance of 
conflict i.e. ‘visual capture’ (Hay et al., 1965; Rock & Victor, 1964; Singer & Day, 
1969). In conflict with this, the bi-directionality of visuo-proprioceptive integration 
has been experimentally established with somatosensory information found to 
modulate visual perception under certain circumstances (Guerraz et al., 2012). 
Therefore the RHI allows insights into how sensory perceptual outcomes result from a 
calculation of the reliability of sensory information available. Rather than 
systematically integrating sensory inputs using a predetermined weighting, the brain 
selects and alters the weighting of input relative to its reliability. This allows optimal 
precision for the position judgement (Ernst & Banks, 2002; Ernst & Bülthoff, 2004; 
Fitzpatrick & McCloskey, 1994; Guerraz et al., 2012; Lackner & Taublieb, 1984; van 
Beers et al., 1999). 
The likely locus of these reliability-evaluation processes are areas involved in 
maintaining and updating internal body representations from sensory and motor 
signals, such as the superior parietal lobule (Wolpert et al., 1998) and precuneus 
(Pellijeff et al., 2006). While importantly involved, the major locus of multisensory 
integration in self-representation is thought to be to be the posterior parietal cortex 
(PPC). The PPC encodes multisensory body position information (Graziano, Cooke & 
Taylor, 2000), calculates and constantly updates the body state from sensory and 
motor signals (Bernier & Grafton, 2010) and helps distinguish internal vs. externally 
generated actions (Ogawa & Inui, 2007). 
Optimal integration theory describes how the kind and direction of integration 
depends on the brain’s assessment of the reliability of the sensory sources of 
information (Ernst & Bulthoff, 2004). Following from the experimental aims of the 
current thesis described above, I wished to investigate whether reliability of the 
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position sense of the arm, which varies across the workspace of the arm, has any 
measurable effect on proprioceptive drift. Or, alternately whether reliability in this 
form has little apparent effect on integration, and rather, alternate sensory 
mechanisms affect the spatial distribution of drift magnitude across space [see 
Chapter Three].  
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Part Three: Summary of thesis content and introduction to experiments 
In the current thesis I investigate the properties of the somatosensory system to 
understand whether schedules of input modulate somatosensory processes. 
Specifically, I aim to determine whether habitual patterns of sensory input affect the 
organisation of the somatosensory system. I also investigate whether I can provide 
evidence of the dissociation of self-localisation and subjective self-representation by 
modulating visuo-somatosensory integration though proximity to action space. I 
address these questions across multiple sub-modalities within somatosensation, 
particularly touch, proprioception and visuo-proprioceptive integration. I also employ 
various paradigms to investigate this question: beginning with perceptual learning and 
then moving onto a modification of the rubber hand illusion. This illusion allows 
investigation of the strength of visuo-proprioceptive integration through the 
magnitude of proprioceptive drift. 
In Part One of the introduction, I describe research into somatosensory perceptual 
learning. I describe what is currently known about the topographic organisation of the 
primary somatosensory cortex and the receptive field properties of neurons 
representing the fingers in humans and non-human primates. I discuss the conflicting 
ideas regarding the level of the neural hierarchy at which tactile perceptual learning 
occurs, and how tactile learning paradigms can be used as a tool to investigate the 
organising principles of the somatosensory cortex. More specifically, I explain how 
by examining the patterns of learning transfer from trained to untrained skin surfaces 
we can obtain information regarding the underlying neural relationships between 
fingers. 
In Part Two, I discuss previous research regarding the neurocognitive mechanisms 
supporting basic position estimation of the limbs and the integration of visual and 
proprioceptive information. I describe what is known about the reliability of 
proprioceptive information with respect to vision, and how inputs are weighted by the 
central nervous system affecting the contribution of each modality to the final percept. 
Finally, I describe the utility of proprioceptive drift as an experimental paradigm to 
explore visuo-proprioceptive multisensory integration. 
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In the light of this body of research I introduce the experiments of the current thesis. 
The first two experiments use tactile learning and visuo-proprioceptive integration, 
respectively, as tools to determine whether habitual sensory input affects 
somatosensory learning and integration processes. Following this, I present an 
experiment that aims to determine whether drift is altered by proximity of sensory 
inputs to the habitual action space while subjective self-representation is not affected 
by such a manipulation. This dissociation would support the growing idea that there 
are several related mechanisms of the human representation of self that are supported 
by distinct mechanisms of multisensory integration. Though this investigation I wish 
to further our understanding of the neurocognitive mechanisms that support pure 
somatosensory perception and those that combine somatosensation with a 
combination of multiple sensory sources. In understanding how somatosensation can 
be modulated by experimental interventions we progress towards a more 
comprehensive understanding of the organising principles of the somatosensory 
cortex and the integrated system in which it sits. 
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Introduction to Chapter 2: Experiment One – Tactile co-stimulation of fingers in 
action 
Inter-relationships between fingers in use and cortical representation 
Many studies have examined the inter-dependence of fingers in action. The 
independence of the fingers is limited by neuromuscular constraints (active 
constraints) (Reilly & Schieber, 2003) as well as the mechanical architecture of the 
hand (passive constraints) (Lang & Schieber, 2004). Consistent patterns in the 
cooperative movement between muscles and joints are termed motor ‘synergies’. 
Synergies are thought to reduce the dimensionality of effectors such as the hand. That 
is, it reduces the number of dimensions in which the effector can operate, resulting 
from the large range of flexion and contraction possibilities of the multiple muscles 
and joints. This reduces the extreme degrees of freedom possible and simplifies motor 
control (Tresch, Cheung, & d'Avella, 2006). 
Ingram and colleagues (2009) used a robotic glove to map the natural statistics of 
finger cooperation outside the lab. Participants engaged in real-world behaviours 
during recording, allowing them to determine how the fingers cooperate in a setting 
with ecological validity. The most independent digit was the thumb, followed by the 
index, then middle, then little finger, and least individuated was the ring finger. 
Ingram et al. (2009) looked at the extent to which movement in one finger could be 
predicted by movement in another and found that not all adjacent neighbours were 
used together as commonly. For example, the middle and ring finger operated very 
commonly together in co-use, compared to the middle and index fingers. The index 
finger was more independent in action than any other finger, but less independent 
than the thumb [see top panel, Figure 5]. This pattern was replicated recently by Belic 
& Faisal (2015) [see bottom panel, Figure 5]. These ecological measures mirrored the 
findings of a number of laboratory studies of active finger relationships (Häger-Ross 
& Schieber, 2000) and force production tasks (Reilly & Hammond, 2000; Zatsiorsky, 
Li, & Latash, 1998). Interestingly, Ingram et al. (2009) also found the ‘independence’ 
of a particular finger correlated highly with approximations of the size of the finger’s 
representative area in the primary motor cortex (M1) (i.e. Penfield’s size, Penfield & 
Boldrey, 1937) – demonstrating the effect of action on cortical representation. This 
body of research suggests the effective dimensionality of the hand is much reduced 
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compared to the theoretical dimensionality (i.e. actual degrees of freedom) (Häger-
Ross & Schieber, 2000), and these action patterns may effect cortical representation. 
Supporting the role of action on cortical representation, extensive training or 
prolonged patterns of use have been found to have long-term effects on finger and 
hand maps in particular populations. Special-usage groups such as highly trained 
musicians and blind braille readers have large alterations of normal topographic digit 
representation. These alterations include increases in cortical area representing 
frequently used finger(s) (Rosenkranz, Williamon, & Rothwell, 2007) and alterations 
in the extent of cortical finger individuation versus overlap (Sterr et al., 1998). Even 
at short-term time-scales a link has been found between use, SI cortical reorganisation 
and perceptual outcomes: Lissek et al. (2009) demonstrate disuse of a hand (as a 
result of being in a cast) correlated with acuity reduction and diminished BOLD 
activity to stimulation of a disused finger. Disuse also correlated with compensatory 
gains in the homologous hand. 
Given patterns of coincident stimulation are suggested to shape topography 
(Detorkaris & Rogier, 2014), and the documented differences in co-use (and thus co-
stimulation) between fingers – there should be differences in the cortical inter-
relationships of fingers with different levels of co-use. I wished to investigate this in 
Experiment One. Our hypothesis reflects findings from new high-resolution fMRI 
studies. Besle and colleagues (2014), for example, have revealed the level of spatial 
overlap in the cortical representation fingers may be considerably greater than 
previously suggested. They demonstrated an overlap of adjacent, and even non-
adjacent, fingers in 3b of human SI. While not directly compared statistically, the 
‘overlap ratio’ of different finger pairs appears to vary substantially [see Table 4 in 
text]. For example, the middle and ring fingers were found to have a much larger area 
of overlap than the middle and index fingers. Besle et al. (2014) suggest previous 
mapping studies may have failed to detect overlap in area 3b (resulting in an overly 
segregated view of finger representations) due to experimental design, e.g., fMRI 
sequencing method (Martuzzi, Zwaag, Farthouat, Gruetter, & Blanke, 2014) or overly 
strict corrections for multiple comparison designed to reveal small discrete activation 
clusters (Stringer, Chen, Friedman, Gatenby, & Gore, 2011).  
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Figure 5. Top panel, taken from Ingram et al. (2009): Three bar graphs representing 
the level to which movement in one finger was predictable by the movement of 
another finger (variance explained) for the index, middle and ring fingers. Grey bar 
represents 100% variance explained predicting movement of the digit by itself. X-axis 
contains all five digits – thumb (T), index (I), middle (M), ring (R) and little (L). 
Bottom panel, taken from Belic and Faisal (2015): Bars represent the error 
prediction of movement in one finger after linear reconstruction when data from the 
four other fingers were missing using the metacarpalphalangeal sensors (left graph) 
and the proximal inter phalangeal joints (right). Greater error means action in one 
finger is less predictable from movement in the other i.e. there is less coupling. 
Greater coupling is seen in the ring and middle fingers than the index and middle 
fingers. 
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Experiment One – Can we reveal differences in overlap through tactile learning 
transfer? 
I speculate differences in overlap, as suggested by the results of Besle et al. (2014) 
should indeed exist in humans, though this has not yet been demonstrated statistically. 
I suggest these differences result from temporal schedules of input (Wang et al., 1995) 
resulting from use in cooperative action (as documented in Ingram et al., 2009 and 
Belic & Faisal, 2015). Following from this, it can be expected that there should be a 
greater area of cortical overlap between the middle and ring finger than the middle 
and index fingers. This is because these fingers are used together to a greater extent 
and thus receive more concurrent stimulation in action. The middle and index fingers 
should have less overlap due to the greater independence of the index in action. 
Topographic tactile perceptual learning transfer has proved to be a useful tool to piece 
apart underlying cortical relationships between fingers (Harrar et al., 2014; Harris et 
al., 2001). Thus, in Experiment One, I wished to determine whether the hypothesised 
differences in overlap could be identified in the pattern of transfer between fingers of 
differing identity. Chapter Two details this experiment, in which I investigate this 
question by comparing transfer of tactile orientation discrimination learning from a 
trained middle finger to its untrained index and ring neighbours.  
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Chapter 2: Experiment One – Transfer of tactile perceptual learning to 
untrained neighbouring fingers reflects natural use relationships 
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ABSTRACT 
 
Tactile co-activation is an established organising principle of somatosensory 
topography. Here we investigated whether cooperative finger use in daily life might 
also affect topography by causing consistent schedules of touch. Tactile training is 
known to transfer from trained to naïve fingers in a pattern reflecting overlap between 
finger representations, providing a model for investigating underlying inter-finger 
relationships. Subsequently, in the current study we investigated whether habitual 
finger cooperation shapes somatotopic finger representation and, therefore, learning 
transfer. We trained the middle finger to improve spatial acuity and investigated 
learning across multiple sessions and fingers. This revealed differences in transfer to 
two fingers physically and cortically adjacent to the trained finger (i.e. the same 
topographic relationship) but of differing cooperative use relationships. While the 
adjacent index finger echoed improvements of the trained middle finger, transfer in 
the adjacent ring finger was relatively delayed. This divergence in transfer could not 
be attributed to peripheral differences, as demonstrated using untrained controls. We 
explain how overlap in finger representation could result in both detriment and 
improvement of perceptual thresholds through changes in the representation of the 
trained finger (e.g., cortical magnification). In sum, we suggest the observed 
divergence in learning reflects differences in overlap between the trained and adjacent 
fingers. We further suggest these overlap differences are driven by differential tactile 
co-activation resulting from documented patterns of use between fingers. Our findings 
emphasise how action shapes perception and somatosensory organisation.  
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Keywords: Perceptual learning; primary somatosensory cortex; co-activation; 
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INTRODUCTION 
Within the scientific community, the role of the somatosensory system in effective motor 
control is increasingly being recognized (Darainy, Vahdat, & Ostry, 2013; Robles-De-La-
Torre, 2006). This recognition has lead to greater emphasis on somatosensory rehabilitation, 
of touch in particular, following sensorimotor insult or injury (e.g., in stroke: Weiss et al. 
2011; tactile feedback in prostheses: Antfolk et al. 2013). Historically, invaluable insights 
regarding the neural architecture of the somatosensory system and primary somatosensory 
cortex (SI) have been achieved using electrophysiological studies in non-human primates. 
Due to these efforts, we now have a fairly fine-grained understanding of individualisation 
versus overlap of finger representations resulting from single- or multi-digit receptive fields 
(RFs) respectively. However, inter-species differences in finger movements are well 
documented (Schieber 1991; reviewed in Häger-Ross and Schieber 2000). Given the 
bidirectional relationship between the somatosensory and motor systems, representational 
finger overlap in humans remains to be explored. The invasive nature of electrophysiological 
recordings and the resolution of available neuroimaging techniques limit the investigation of 
RFs in humans. Subsequently, alternative methods of revealing inter-finger relationships in 
the somatosensory system of humans are required. Perceptual learning, and more specifically 
transfer of perceptual learning, is a promising tool for gaining understanding of the 
neurocognitive mechanisms supporting perception, as previously shown in vision and 
audition (Adab & Vogels, 2011; Law & Gold, 2008; A. Reed et al., 2011). In the current 
study, we use tactile perceptual learning (Volkman, 1858) to inform about the relationship 
between fingers in the human somatosensory system, through the lens of sensorimotor 
experience.  
Cortical maps in the somatosensory system are thought to emerge through input-dependent 
(Hebbian) synaptic change, as shown in electrophysiological research (Recanzone et al. 
1992a; Wang et al. 1995). This is reflected in the organisation of the primary somatosensory 
cortex (SI) where adjacent fingers are represented next to each other on the cortical surface 
(J. H. Kaas et al., 1979). It has been suggested this organisation occurs because temporal 
schedules of input are more similar on physically close body parts as compared to those 
further away (as modelled by Detorakis and Rougier 2014). This has been demonstrated 
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experimentally: for example, surgical attachment of adjacent fingers increases the correlation 
of inputs for adjacent fingers skin surfaces, and accordingly increases overlap (syndactyly: 
Clarke et al. 1988, see also Allard et al. 1991). Similarly repetitive co-stimulation across 
adjacent fingers causes cortical ‘fusing’ of the stimulated fingers in area 3b, such that the 
strict boundaries between finger representations become blurred (Wang et al., 1995). Co-
stimulation can also occur as a consequence of schedules of behaviour. Degradation of the 
normal discontinuities between individual finger zones has been seen following extensive 
behavioural training, where monkeys were required to grasp a handle using rapid, repetitive 
and highly stereotypic movements (Byl, Merzenich, & Jenkins, 1996). Conversely, tactile 
training restricted to a single fingertip results in increased cortical representation, 
accompanied by tuning of RFs on the trained skin surface (Jenkins et al., 1990; G. H. 
Recanzone, Merzenich, Jenkins, et al., 1992; G. H. Recanzone, Merzenich, & Schreiner, 
1992). As with stimulation-dependent manipulations, these behaviourally-dependent 
alterations have also been attributed to the temporal (a)synchrony of tactile inputs (also see 
Sterr et al. 1998 for evidence of multiple finger fusion in multi-digit Braille readers). 
 
More recently, it has been shown that patterns of habitual action also contribute to 
representational organisation (i.e. across vast neural populations) of the fingers in the human 
primary sensorimotor cortex. Ejaz and colleagues (2015) demonstrated that multivoxel 
patterns of representational similarity across fingers, as measured using functional MRI, are 
well predicted by the natural statistics of movement across fingers. Overduin et al. (2012; 
2014) have previously shown a relationship between hand- and arm-muscle synergies and 
motor cortex organisation using microstimulation in monkeys. Together, these findings 
suggest that everyday hand usage, leading to distinct co-activation patterns across fingers, 
may also shape the underlying organisation of the somatosensory cortex (see discussion in 
Flanders 2005). Given the complex patterns of cooperative use between fingers in humans 
(see below) this suggests there may be variations in human inter-finger relationships affecting 
the organisation of the somatosensory system that cannot be fully explained by monkey 
research, opening up exciting opportunities for further research. 
 
Studies of the natural statistics of action indicate the typical shapes created by the human 
hand can be broken down into a combination of a limited number of joint angular co-
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variances and muscular co-contraction patterns, also known as position and muscular 
synergies, or in short action synergies (Santello et al. 1998; Weiss and Flanders 2004; see 
Lederman and Klatzky, 1993, for similar results during haptic exploration). Synergies are 
thought to simplify motor control by reducing the dimensionality of the hand afforded by the 
multiple degrees of freedom (Tresch et al., 2006). This line of research reveals that the 
fingers of the human hand engage in highly regular patterns of use and co-use (hereafter ‘use 
profiles’) (Reilly & Hammond, 2000; Zatsiorsky et al., 1998). For example, the middle and 
ring fingers operate more frequently together than the index and middle fingers, whereas the 
index finger engages in more independent use than the middle or ring fingers. These 
regularities in finger use profiles have been demonstrated across a number of experimental 
task settings in the laboratory (Häger-Ross & Schieber, 2000; Soechting & Flanders, 1997) as 
well as using motion capture in naturalistic settings with unconstrained movements (Belić & 
Faisal, 2015; Ingram et al., 2008).  It is thought that the tendencies for coupling between 
fingers result largely from musculoskeletal as well as neural constraints (Lang & Schieber, 
2004; Reilly & Schieber, 2003; Soechting & Flanders, 1997). This emerging research 
provides interesting new predictions on the heterogeneity of inter-digit overlap across 
neighbouring fingers in the human somatosensory system.  
 
Various researchers have used tactile perceptual learning as a means to investigate inter-
finger relationships in the somatosensory system (Harrar et al., 2014; J. A. Harris & 
Diamond, 2000; J. A. Harris et al., 1999). Perceptual learning is the inherent ability of 
sensory systems to improve following repeated exposure to stimuli (Gibson, 1969). Transfer 
of learning (also termed ‘generalisation’ in the literature) refers to the spread of this learning 
from trained to untrained areas (e.g., across fingers). We recently showed that following a 4-
day regime of tactile training, training-effects transferred from a trained finger to an untrained 
adjacent and homologous finger (Harrar et al., 2014). By comparison, no improvement was 
observed in an “other” finger (neither adjacent nor homologous to the trained finger). Based 
on these findings and those of related studies in animals (J. A. Harris & Diamond, 2000; J. A. 
Harris et al., 1999), it has been suggested that transfer-patterns of tactile perceptual learning 
reflect the relationships between sensory finger representations in the somatosensory system, 
particularly in SI (but see also Florence et al. 1989, for sub-cortical areas with relevant 
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organisation). If transfer of perceptual learning reflects underlying cortical relationships, then 
learning gains should also reflect the action synergies described above.  
 
To investigate this theory, in the current study we therefore investigated the transfer of tactile 
learning from the middle finger to the index and ring fingers. This allowed us to compare two 
fingers with the same neighbouring relationship to the trained finger (i.e. cortically and 
physically ‘adjacent’), but differing use profiles with respect to the trained finger, to 
determine if learning from the trained finger transfers differently between the two. Here we 
predicted that distinct habitual use profiles, leading to different extents of overlap between 
finger representations zones, would result in a dissociation in the time-course of learning 
transfer from the trained middle finger to the adjacent index and ring fingers. 
 
The extent of overlap between the trained and untrained finger could have several potential 
consequences on the transfer of tactile learning. For example, increased overlap may result in 
faster transfer of learning, because the adjacent (untrained) finger has direct access to any 
learning afforded by the trained finger due to RF overlap (as suggested by previous research: 
Harrar et al. 2014; Harris and Diamond 2000; Harris et al. 1999; Harris et al. 2001). 
Alternatively, it is conceivable that extensive overlap of the trained and untrained finger 
could have an initial detrimental outcome on perception in the untrained finger. This could 
occur through cortical magnification, that is, the documented increase in the representation of 
the trained finger following tactile training (Byl et al., 1997; Byl et al., 1996; Detorakis & 
Rougier, 2014; G. H. Recanzone, Merzenich, Jenkins, et al., 1992; Xerri, Stern, & Merzenich, 
1994). An increase of the trained finger representation may deplete cortical resources of the 
untrained finger(s) that already overlap with the trained finger to a large extent. In other 
words, the trained finger could potentially subsume cortical territory from the overlapped 
finger, to the extent that the overlapping finger loses cortical resources. The losses incurred as 
a result of these competitive neighbourhood relationships could potentially offset the benefits 
from learning transfer, resulting in a plateau (or even deterioration) of tactile thresholds (see 
Discussion for other potential neural mechanisms which could cause differential transfer of 
tactile learning). Based on previous research (Harrar et al. 2014; Harris et al., 2001) we 
predicted both adjacent fingers would eventually demonstrate learning gains due to transfer 
of learning from the middle finger. We predicted, however, that the time-course of learning 
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would diverge as a result of overlap differences – potentially demonstrating both processes of 
enhancement and interference, as revealed through our protocol of longitudinal testing. 
METHODS 
Participants 
Twenty-seven individuals were randomly assigned to the trained and control groups. Partial 
data from five individuals was discarded due to malfunctions during data collection, leaving 
n=12 in the trained group (mean 28 years of age, 7 female) and n=9 in the control group 
(mean 25 years of age, 10 female). All participants gave their informed consent and ethical 
approval for the study was granted by the medical sciences inter-divisional research ethics 
committee of the University of Oxford (Reference: MSD-IDREC-C1-2013-102). 
General Procedure 
The experiment was conducted over four days. The testing and training procedures were 
adapted from Harrar et al. (2014). Participants in the experimental group received a protocol 
of two training sessions, interspersed with five testing sessions (see timeline in Figure 1). The 
control group followed an identical sequence of testing but did not receive any training. This 
allowed us to account for improvements resulting from exposure to tactile stimuli 
consequential to the repeated testing sessions. Comparison of threshold change over time in 
the trained hand with the untrained control group, as well as the untrained hand of the trained 
group, allowed us to control for physiological differences between the fingers which could 
otherwise confound our measures of tactile discrimination (e.g., initial threshold differences 
over fingers: Sathian and Zangaladze 1996; Vega-Bermudez and Johnson 2001; or 
differences in mechanoreceptor density of different fingers: as suggested by Wong et al. 
2013). Participants were blindfolded for the duration of all sessions. 
Testing Procedure 
Testing sessions were used to determine acuity in tactile grating orientation (Sathian and 
Zangaladze 1996; Van Boven and Johnson 1994). Perception of groove orientation has been 
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demonstrated to be initially encoded in the periphery, primarily by slowly adapting type I 
afferents  (Phillips et al. 1988; for review see Johnson and Hsiao 1992), and is subsequently 
represented by populations of orientation detectors in areas 3b and 1 of SI (Bensmaia et al. 
2008a; Bensmaia et al. 2008b; Muniak et al. 2007; reviewed in Hsiao et al. 2002). Orientation 
discrimination should therefore provide an ideal task to study the effect of cortical inter-
relationships between neighbouring fingers on the transfer of learning (J. A. Harris et al., 
2001). This measure is a highly robust and reliable indicator of tactile acuity, and overcomes 
various pitfalls of other measures of tactile acuity, such as the two-point discrimination 
(Bleyenheuft and Thonnard, 2007; Johnson and Phillips 1981; Sathian and Zangaladze 1996; 
Van Boven and Johnson 1994; see Vega-Bermudez and Johnson 2002 for further critique). 
Seven plastic dome gratings varying in groove width and groove spacing (which were 
isometric) were selected for testing (Stoelting Co., Wood Dale, IL). The gratings ranged from 
those with larger grooves/widths, e.g., 3.5mm spacing (easy to perceive the orientation) to 
smaller, e.g., 0.25mm spacing (more difficult). Total range: 0.25, 0.5, 1.0, 1.2, 1.5, 2.5, 
3.5mm. The glabrous surface of the distal pad of the left and right index, middle and ring 
fingers were tested. Gratings were presented using a semi-automated lever device operated by 
an experienced experimenter (as in Harrar et al. 2014) [see Figure 1]: the participant’s hand 
rested on a wooden block. The finger selected for testing was positioned over a small hole – 
under which the selected grating was placed, facing upwards. Depression of the lever by the 
experimenter tilted the participant’s hand slightly upward – allowing the grating underneath 
to be oriented either vertically or horizontally (i.e. parallel or orthogonal to the finger, 
respectively). The lever was then released, and gravity allowed the hand to drop – causing 
contact between the grating and selected finger through the hole (which was 1cm in diameter, 
just smaller than the grating diameter). Contact lasted for approximately 1 second, with an 
approximate inter-stimulus-interval (ISI) of 2-3 seconds, depending on the speed of the 
participant’s response on that trial. Given the long ISI, and the consistency in presentation 
method across fingers and testing sessions (with appropriate randomisation) potential after-
effects of stimulus presentation should not confound our results (e.g., see Moscatelli et al. 
2014). 
Participants reported the perceived orientation by clicking the left or right buttons of a 
wireless mouse (two alternative forced choice; 2AFC). Each grating was presented for one 
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block of 10 trials on each finger (5 vertical/horizontal). To increase the number of repetitions 
for trials within the interval of uncertainty of the psychometric function, four gratings were 
selected within the dynamic accuracy range of each finger with which to run four additional 
blocks. That is, gratings were not re-presented if 90-100% accuracy had been achieved upon 
presentation in the first block. When less than 90% accuracy was achieved for all gratings, 
the four maximally sized gratings were selected for re-presentation. The presentation of 
grating orientation (on each trial) and blocks were organised in a pseudo-random order, 
controlled by a computer (MATLAB, release 2013a, The MathWorks, Inc., MA, Boston). 
After each block, accuracy feedback was given over headphones (0-100% for that block). 
Participants were instructed to prioritise accuracy over speed and no time limit was imposed 
for responses. Each session lasted approximately one hour (with short inter-block breaks). 
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Figure 1. Top panel. Schematic of the stimulus-presentation apparatus. A. Participants were 
blindfolded and their hand positioned prone on a wooden support and secured with Velcro 
straps. B. Cross-section of finger contacting tactile grating – which protruded through the 
aperture underneath the distal pad of the finger in the hand support. C & D. Grating in 
rotating disk at vertical (C) and horizontal (D) orientations. The apparatus and disk was 
controlled by the experimenter, ensuring that the grating orientation was presented with 
precision, and with a constant force across sessions. Bottom panel. Experimental timeline for 
training and testing across the four days of the protocol. Participants were required to perform 
a 2-alternative discrimination judgement of gratings of varying groove width (0.25mm to 
3.5mm), presented in a semi-random order. During testing sessions, participants determined 
the orientation of individual grating presentations. During training sessions, participants 
determined whether two grating presentations consecutively were oriented differently or not. 
Feedback on performance was provided after every block (during testing sessions) or every 
trial (during training sessions). 
Training procedure 
For the trained group only, training was conducted on the middle finger of the right or left 
hand (6 in each subgroup). Four gratings were selected for training from a range of 11 (0.25, 
0.3, 0.5, 0.75, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, 3.5mm). The four were selected so that two gratings 
were above the participant’s tactile threshold (as measured from data in the preceding testing 
block) i.e. larger in width, and two selected below threshold i.e. smaller. If the participant’s 
threshold was too close to the maximum grating size, selection above and below the threshold 
was not possible. In this case the largest four gratings were used (see below for threshold 
calculation procedure). This threshold-based selection was used to provide stimuli of a 
sufficient difficulty level to allow optimal learning transfer (Ahissar & Hochstein, 1997). The 
participants’ task during training was to determine whether two consecutive presentations of 
the grating to the finger were of the same or different orientations (2AFC) [see Figure 1]. The 
training task was a modification of the testing task to encourage learning of orientation rather 
than specific task-requirements (Harrar et al. 2014). Accuracy in orientation detection was 
provided over headphones (‘correct’/‘incorrect’) after every trial in order to maximise 
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learning. Accuracy was encouraged over speed and no time limit imposed. Training sessions 
lasted approximately 50 minutes, including short inter-block breaks. 
 
Determining perceptual thresholds 
Accuracy in orientation discrimination during the testing procedure was plotted as a function 
of grating size. Data was fitted with a three-parameter Weibull psychometric function using 
the Palamedes toolbox in MATLAB (release 1.6.0, Prins and Kingdom, 2009, 
http://www.palamedestoolbox.org). The threshold was calculated as the grating size 
estimated to yield 82% accuracy. Overall the Weibull function produced a good mean fit 
(pDev, M = .70). For a small number of data, the function did not converge (6.5% of the total 
dataset). These missing thresholds were replaced with the mean of the thresholds from the 
previous and the subsequent session, for that participant and finger. 
 
Statistical analysis 
Between and within-participants comparisons were assessed using repeated measures 
analysis of variance (ANOVA). Statistical significance of hypothesis-related main effects or 
interactions are reported in the main text, whereas all other statistical comparisons that are 
not directly relevant for the interpretation of the findings are reported in Tables 1 and 2. The 
potential non-linearity of learning over time on the trained hand of the trained group was 
further investigated using a within-participants contrast analysis. Planned comparisons, 
strictly used to replicate previous findings, were assessed using 2-tailed paired samples t-tests 
(effect size reported using Cohen’s d). A generalised estimating equation (GEE) analysis was 
used to provide more information regarding the pattern of learning over time across fingers in 
the trained group [this is presented in a Supplementary Section due to the duplicity of the 
results]. To more appropriately represent the reduced within-participant variance, error bars 
were calculated using procedures described in Cousineau (2005) and corrected using the 
adjustment described in Morey (2008). 
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Verification of data set against confounding factors 
To ensure baseline consistency within our sample, finger thresholds at baseline were 
compared across groups and hands. A mixed ANOVA with within-participants factors finger 
(3 levels: index, middle, ring), hand (2 levels: left, right) and the between-participants factor 
group (2 levels: trained, control) was tested. There was no main effect of group (p = .827), or 
interaction of group with the other factors (.526 < p > .987), confirming no differences 
between groups at baseline. A main effect of finger was found, F(2,38) = 10.51, p < .001, 𝜂2p 
= .36, where the index finger had the lowest threshold at baseline, followed by the middle 
then ring fingers, consistent with previous research (Harrar et al., 2014; Vega–Bermudez & 
Johnson, 2001) [see Table 1a statistics]. The effects of these individual differences between 
fingers in initial threshold were controlled through comparison with the untrained (control) 
hand of the trained group and both hands of the untrained control group. 
 
The data for participants trained on the right or left hand (i.e. variable: ‘subgroup’) were 
compared to ensure training effects were consistent across hands. The six fingers were 
categorised based on their relationship to the trained finger for analysis (trained, adjacent 
index, adjacent ring, homologous, other index, other ring). A mixed ANOVA compared 
within-participants factors finger (6 levels: listed above), and testing session (5 levels: 
sessions 1-5), and the between-participants measure subgroup (2 levels: right- or left-hand 
trained). The 3-way interaction was not significant (p = .372) demonstrating consistency of 
learning transfer irrespective of the laterality of the trained hand, and, indicating collapsing 
over the left and right subgroups was appropriate [see Table 1b].
!
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Table 1. Details of main effects and interactions from the Data Verification section not included in the text. Significance at p < .05 is indicated 
by bold characters. 
Factor a. Are baseline thresholds equivalent across trained 
and control groups? 
Factor b. Are learning patterns equivalent across hand trained 
(left vs. right middle trained subgroups)? 
 
Finger F(2,38) = 10.51 
p < .001 (!2p = 
.36) 
 
Hand* 
group 
F(1,19) = 0.15 
p = .701 (!2p = 
.01) 
 
Finger F(5,50) = 10.65 
p < .001 (!2p = 
.52) 
Session* 
hand-trained 
 
F(4,40) = 2.71 
p = .043 (!2p = 
.58) 
 
Hand F(1,19) = 0.42 
p = .526 (!2p = 
.02) 
 
Finger* 
hand 
F(2,38) = 0.20 
p = .817 (!2p = 
.01) 
 
Session F(4,40) = 15.17 
p < .001 (!2p = 
.60) 
Finger* 
session 
F(20,200) = 
1.94 
p = .011 (!2p = 
.41) 
 
Group F(1,19) = 0.05 
p = .827 (!2p = 
.01) 
 
Finger* 
hand* 
group 
F(2,38) = 0.16 
p = .855 (!2p = 
.01) 
Hand-
trained 
F(1,10) = 0.02 
p = .880 (!2p = 
.01) 
Finger* 
session* 
hand-trained 
F(20,200) = 
1.08 
p = .372 (!2p = 
.01) 
 
Finger* 
group 
F(2,38) = 0.01 
p = .987 (!2p = 
.01) 
  Finger* 
hand-
trained 
F(5,50) = 0.14 
p = .983 (!2p = 
.01) 
   
         
!
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RESULTS 
Topographic transfer patterns in the trained but not the control group 
In the control group, we predicted a small amount of learning across all fingers due to 
repeated exposure to testing stimuli (for review see Seitz and Dinse 2007). Learning was 
anticipated to be consistent across all fingers, resulting in a main effect of testing session but 
a non-significant interaction of finger*testing session in the control group. In contrast to this, 
in the experimental group we predicted topographic generalisation of learning – trained, 
adjacent and homologous fingers learn but other fingers would not (Harrar et al. 2014). This 
uneven transfer of learning across fingers would result in a significant interaction of 
finger*session for the trained group. 
To dissociate between these training- and testing-based improvements a mixed ANOVA was 
conducted with two within-participant factors: finger (6 levels: left/right index, middle, ring), 
and testing session (5 levels: session 1-5) and one between-participants factor: group (2 
levels: trained group, control group). This analysis revealed a significant 3-way interaction, 
F(9,178) = 1.65, p = .039, !2p = .076 [see Table 2a for other lower-order significant effects]. 
This interaction indicated that, as predicted, learning transferred across fingers differently 
over the testing sessions between the two groups (see Figure 2A vs. 2C).
!
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Figure 2. Tactile discrimination threshold change over testing sessions. Group mean thresholds (+/- within-participants standard error of the 
means, SEM) across 5 testing sessions (S), before, in between and after training (T) session in the index (black, solid), ring (black, hatched) and 
middle (grey) fingers.  Lower values show greater tactile sensitivity. Values have been baseline-normalised for ease of visual comparison. 
Thresholds are presented for the: A) Trained group, trained hand: adjacent index and adjacent ring, with trained middle finger B) Trained group, 
untrained hand: Other index and other ring, with homologous middle finger. C) Control group (no training): Index, ring and middle finger means 
(right/left collapsed as ns different). While on the trained hand tactile learning diverged between the index and ring fingers, perceptual learning 
progressed evenly for all fingers in the untrained hand and control group.
!
!
85!
To interpret this 3-way interaction, we next compared the finger*testing session interactions 
separately for the experimental and control groups. For the trained group, the six fingers were 
compared according to their relationship to the trained finger: trained, adjacent index, 
adjacent ring, homologous, other index, other ring (see finger labelling in Figure 3).  As 
predicted, this revealed a significant interaction of finger*session, F(20,220) = 1.93, p = .012, !2p = .15. This indicates that learning improved differently across fingers throughout the 
experiment [see Table 1d for other statistical effects]. 
 
The above analysis is limited in any further interpretation relating to the time-course of 
learning. We next use contrast analysis, allowing us to investigate the function that best fits 
the pattern of learning over time (e.g., linearity). When re-examining the interaction between 
finger and session (as described above), a significant linear contrast effect was present 
(F(1,11) = 8.23, p = .015, η2p = .43). This indicates that there was a significant difference in 
the slopes of lines fitted to the thresholds of each finger (representing the change in threshold 
over time) across the five sessions. Contrasts that included second- and third-order power 
components did not reach significance, suggesting no quadratic or cubic effects.  To pinpoint 
the slope differences underlying this significant interaction, a GEE analysis was used to 
generate a model that would best estimate learning patterns over time. These results are 
presented in full in the Supplementary Section. In sum, the slope of the line representing the 
change in threshold over time for the trained finger was not significantly different to that of 
the adjacent index finger. It was, however different to the adjacent ring’s and remaining 
fingers’ slopes. These results support the conclusion that the two adjacent fingers learned 
differently over time [see Supplementary Section; see Figure 2A and Table 2b for other 
statistical effects].  
Subsequent comparisons between the baseline (session 1) and post-test (session 5) for each of 
the fingers revealed a significant improvement for the trained finger (t(11) = 4.63, p = .001, d 
= 1.24) and topographically related fingers (adjacent index (t(11) = 4.30, p = .001, d = 1.34), 
adjacent ring (t(11) = 2.46, p = .032, d = .71) and homologous (t(11) = 4.40, p = .001, d = 
1.27)). The change in the other fingers did not reach significance (although a trend towards 
improvement was evident: other index, t(11) = 1.77, p = .105; other ring t(11) = 2.03, p = 
.067) [see Figure 3].  
!
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For the control group, as predicted there was a significant main effect of testing session 
(F(2,14) = 10.12, p < .001, η2p = .56) but no interaction of finger*testing session (p = .586) 
[see Figure 2C and Table 2c]. The homogeneity in the pattern of learning over time further 
supports the theory that training intervention was the cause of the uneven pattern of 
generalisation observed in the trained group. 
Figure 3. Topographic tactile perceptual learning effects in the trained group. Bars depict 
group mean difference between baseline (session 1) and post-test (session 5) for each of the 6 
fingers tested (+ within-participants standard error of the mean (SEM) of that difference). 
Fingers from left- and right-hand training subgroups were combined based on their 
relationship to the trained finger (e.g., ‘adjacent’). Larger negative values (i.e. larger bars) 
reflect greater improvement in tactile acuity. Paired-sample t-tests revealed selective 
reductions (significant learning gains) in the tactile threshold of the trained, adjacent index, 
adjacent ring and homologous fingers consequential to training, consistent with topographic 
finger interrelationships in the somatosensory cortex. * indicates significance at p < .05 ** 
indicates significance at p = .001.
!
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Table 2. Details of main effects and interactions from the Results section not included in the text. Significance at p < .05 is indicated by bold 
characters. 
Factor a. Trained vs.
control group 
b. Trained
group only 
c. Control group
only 
Factor d. Trained vs. 
untrained hand 
e. Trained hand
only 
f. Untrained hand
only 
g. Control index
& ring over 
hands 
Finger F(1,19) = 37.85 
p < .001 (!2p = 
.67) 
F(3,27) = 11.56 
p < .001 (!2p 
=.51) 
F(5,40) = 3.94 
p = .005 (!2p = 
.33) 
Finger F(1,22) = 37.38 
p < .001 (!2p =.63) F(1,11) = 25.40 p < .001 (!2p = 
.70) 
F(1,11) = 14.89 
p = .003 (!2p = 
.58) 
F(1,8) = 20.29 
p = .002 (!2p = 
.71) 
Session F(1,19) = 39.67 
p < .001 (!2p = 
.68) 
F(4,44) = 13.13 
p < .001 (!2p = 
.54) 
F(2,14) = 10.12 
p = .003 (!2p = 
.56) 
Session F(4,88) = 8.59 
p < .001 (!2p = .28) F(4,44) = 7.10 p < .001 (!2p = 
.39) 
F(4,44) = 2.50 
p = .056 (!2p = 
.19) 
F(4,32) = 6.45 
p = .001 (!2p = 
.44) 
Condition F(1,19) = 0.02 
p = .939 (!2p = 
.00) 
Hand F(1,22) = 0.06 
p = .814 (!2p = .01) F(1,8) = 1.53 p = .251 (!2p = 
.16) 
Finger* 
condition 
F(1,19) = 1.17 
p = .294 (!2p = 
.06) 
Finger* 
hand 
F(1,22) = 0.01 
p = .957 (!2p = .01) F(1,8) = 0.53 p = .488 (!2p = 
.06) 
Session* 
condition 
F(1,19) = 4.75 
p = .042 (!2p = 
.20) 
Session* 
hand 
F(4,88) = 1.07 
p = .373 (!2p = .05) F(1,8) = 0.28 p = .613 (!2p = 
.03) 
!
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Table 2 cont. 
 
Finger* 
session 
 
F(1,19) = 5.76 
p = .027 (!2p = 
.23) 
F(6,69) = 1.93 
p = .012 (!2p = 
.15) 
F(5,41) = 0.76 
p = .758 (!2p = 
.09) 
Finger* 
session 
F(4,88) = 0.24 
p = .913 (!2p = .01) 
 
F(4,44) = 2.94 
p = .031 (!2p = 
.21) 
F(4,44) = 1.36 
p = .263 (!2p = 
.11) 
F(4,32) = 0.86 
p = .863 (!2p = 
.04) 
Finger* 
session* 
condition 
F(1,19) = 4.60 
p = .045 (!2p = 
.12) 
  Finger* 
session* 
hand 
F(4,88) = 4.11 
p = .004 (!2p = .16) 
 
  F(4,32) = 0.51 
p = .515 (!2p = 
.09) 
!
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Does learning transfer differently to the two adjacent fingers? 1!
We next examined the pattern of improvement and generalisation in the experimental 2!
group in more detail. In particular, we wished to determine whether learning transfers 3!
equally to both fingers adjacent to the trained finger. To investigate this, we compared 4!
the pattern of change over time in the adjacent index vs. adjacent ring finger of the 5!
trained hand. A finger*testing session interaction would suggest these fingers improve 6!
differently over time. We also compared the index and ring fingers of the untrained 7!
hand (‘other’ fingers) as a control, predicting no difference in the pattern of learning 8!
over time.  9!
10!
First, a repeated-measures ANOVA with the factors finger (2 levels: index, ring), 11!
testing session (5 levels: time 1-5) and hand (2 levels: trained hand, untrained hand) 12!
was conducted to reveal the overall difference in the 2-way interaction across hands. 13!
The predicted 3-way interaction was revealed to be significant, F(4,88) = 4.11, p = 14!
.004, !2p = .16, indicating that the difference in learning over time between the index 15!
and ring fingers was not equivalent across the trained and untrained hands [see Figure 16!
2A versus 2B; see Table 2d]. This was followed up with separate 2-way ANOVAs for 17!
the trained and untrained hand. 18!
19!
For the trained hand, this analysis confirmed a significant interaction of 20!
finger*session, F(4,44) = 2.94, p = .031, !2p = .21 [see Table 2e]. Visual inspection of 21!
Figure 2A suggests that while the adjacent index finger followed the pattern of the 22!
trained finger over sessions, the adjacent ring finger appears to plateau until the final 23!
stages of the experiment. To describe the pattern of learning over time we performed 24!
a within-subjects contrast analysis on each of the fingers of the trained hand 25!
separately. This analysis would determine what function best described the learning 26!
over time in each finger, whether this was a linear decrease in thresholds over time or 27!
something more complicated (i.e. best fit by a higher-order factor). This analysis 28!
revealed differences in the pattern of learning for the three fingers: there was a 29!
significant fit of a linear function to the thresholds over time in the trained and 30!
adjacent ring fingers (p = .003 and p = .001 respectively). In comparison, learning 31!
!
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over time did not follow a linear pattern for the adjacent ring finger, which was 32!
revealed by the non-significant (though trending) fit of a linear function to the data (p 33!
= .068). 34!
 35!
For the untrained hand, a 2 x 5 repeated-measures ANOVA with factors finger (2 36!
levels: index, ring) and testing session (5 levels: time 1-5) revealed no significant 37!
interaction of finger*testing session, F(4,44) = 1.36, p = .263, !2p = .11, 38!
demonstrating that – unlike with the trained hand – there was no difference in the 39!
patterns of thresholds between the ‘other’ index and ‘other’ ring finger [see Figure 40!
2B, Table 2f]. 41!
 42!
To characterise the timeline of learning for the fingers of the trained hand, we devised 43!
a “time to learn” analysis whereby we determined how long it took for each for each 44!
finger to significantly improve in threshold with respect to its baseline. Paired-sample 45!
t-tests were used to compare the baseline (session 1) threshold to the next time point. 46!
If this was non-significant, the subsequent session was compared, until a significant 47!
difference was identified. Given the descriptive nature of this analysis, an uncorrected 48!
alpha value was used. For the trained (middle) finger, significant improvement was 49!
observed immediately after the 1st training (session 2; t(11) = 2.51, p = .029, d = .72). 50!
For the adjacent index finger, the time to learn measure became significant on the 51!
following session (session 3, conducted on the next day, prior to the 2nd training 52!
session; t(11) = 3.92, p = .002, d =1.13). This indicates that the learning in the 53!
adjacent index finger “lagged” behind the trained finger, such that significant gains 54!
were only apparent following the first consolidation period. Conversely, the adjacent 55!
ring finger time to learn became significant only on the final (5th) session (t(11) = 56!
2.46, p = .032, d = .71, as above). This session also followed an over-night 57!
consolidation, after the second day of training (see Figure 2A). 58!
Addressing alternative explanations for differential transfer 59!
It is possible that the difference in the pattern of learning over time between the two 60!
adjacent fingers occurred simply because of a different capacity between these fingers 61!
to learn from exposure to the repeated testing sessions (for example, due to peripheral 62!
!
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differences, such as mechanoreceptor density, skin conformance etc.). To rebut this 63!
account, we compared the change over time of index and ring fingers in the control 64!
group (following from the significant 3-way interaction reported above: finger*testing 65!
session*group). A repeated-measures ANOVA with factors finger (2 levels: index, 66!
ring), hand (2 levels: right, left), and session (5 levels: session 1-5) revealed a 67!
significant main effect of session, F(4,32) = 6.45, p = .001, !2p = .45, and no 68!
significant interactions with the finger or hand factor [all p > 0.452, see Figure 2C, 69!
Table 2g]. This indicates that the thresholds of the index and ring finger improved 70!
over time in a consistent way. Therefore, it appears that under the conditions of the 71!
current paradigm, the index and ring fingers have the same basic capacity to improve 72!
spatial acuity. 73!
 74!
DISCUSSION 75!
In this study we demonstrate that, consistent with previous research, improved tactile 76!
acuity, based on perceptual training to one finger, selectively transfers over time to 77!
untrained fingers (Harrar et al. 2014; Harris et al. 2001; Muret et al. 2014; see also 78!
Harris and Diamond 2000; Harris et al. 1999, for complementary findings in the 79!
rodent whisker). Crucially, we extend these findings by showing that learning 80!
transfers differently to two fingers that are both physically and cortically adjacent to 81!
the trained finger. 82!
 83!
Mechanism of topographic tactile perceptual learning 84!
Currently, the precise level of perceptual learning within the neural hierarchy is 85!
debated. Some theories propose learning in lower-order sensory areas, e.g., through 86!
plastic changes in tuning properties of sensory neurons (Adab & Vogels, 2011; Jehee, 87!
Ling, Swisher, van Bergen, & Tong, 2012; Schoups, Vogels, Qian, & Orban, 2001; 88!
Shibata et al., 2011). Others highlight the role of read-out tuning of lower-order 89!
sensory areas by higher-order areas (e.g., frontal or decision-making areas) (Kahnt, 90!
Grueschow, Speck, & Haynes, 2011; Law & Gold, 2008; Petrov et al., 2005; J. Y. 91!
Zhang, G.-L. Zhang, et al., 2010). Regardless of the precise locus of learning and 92!
common to all of the proposed mechanisms, transfer of perceptual learning occurs as 93!
!
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a function of topographic organisation, and as such reflects processing in topographic 94!
areas of the somatosensory system.  95!
 96!
Transfer of tactile perceptual learning has been suggested to occur as a function of 97!
overlap in inter-finger representations (Harrar et al., 2014; J. A. Harris & Diamond, 98!
2000; J. A. Harris et al., 1999). Electrophysiological work with non-human primates 99!
has revealed the scope for inter-finger overlap massively varies across the different 100!
cytoarchitectonic division of SI. For example, areas 1 and 2 have been known to 101!
contain a substantial number of neurons with multi-finger representations (reviewed 102!
in Iwamura et al. 2002), while neurons in the “lower order” areas 3a and 3b were once 103!
thought to show narrowly tuned spatial receptive fields (e.g., restricted to one finger, 104!
Merzenich et al. 1978; Wang et al. 1995). More recent evidence suggests that even 105!
neurons within area 3b may contain inter-finger RF for adjacent fingers (Besle et al., 106!
2014; Iwamura et al., 1993; Thakur et al., 2012). Further, when considering the centre 107!
of the RF, rather than its spatial extent, representation in SI (area 3b in particular) is 108!
more spatially distributed than classically assumed (e.g., microcolumnar structure in 109!
SI: McKenna et al. 1982; Tommerdahl et al. 1993; reviewed in Tommerdahl et al. 110!
2010). However, given the documented differences in individualised finger 111!
movements in monkeys and humans (as highlighted in the introduction) and the 112!
limitations in elucidating RF properties in humans, we prefer not to speculate overly 113!
regarding the precise cytoarchitectonic division(s) at which the reported transfer of 114!
tactile learning is occurring. Such knowledge may soon be afforded in humans by 115!
high-resolution fMRI. Besle and colleagues (2014), for example, have demonstrated 116!
varying levels of overlap between fingers of the same hand (Besle et al. 2014; also see 117!
Ejaz et al. 2015) and results from Tamè et al. (2012) reveal overlap between 118!
homologous fingers in primary and secondary somatosensory cortex. 119!
 120!
The source of topography in tactile perceptual learning could also be attributed to sub-121!
cortical areas in the somatosensory hierarchy also containing digit topographies (e.g., 122!
spinal cord and cuneate nucleus: Florence et al. 1989). Indeed, evidence suggests that 123!
the decomposition of tactile stimuli (such as used in the current study) into spatial 124!
patterns begins with mechanoreceptive afferents in the periphery (S. J. Bensmaia et 125!
!
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al., 2008) and the cuneate (Jörntell et al., 2014). As plasticity in SI has recently shown 126!
to be influenced by reorganisation in the cuneate nucleus (Kambi et al., 2014), it is 127!
likely that sub-cortical processes are inherently linked to the patterns of learning 128!
transfer reported here, and thus cannot be considered independently. 129!
130!
Divergent learning transfer between two topographically related fingers 131!
While there are some reports of independence of tactile perception across the body 132!
(Dresslar, 1984) the transfer of tactile learning has been fairly well-documented using 133!
various methods of tactile acuity testing such as the two-point discrimination 134!
(Mukherjee, 1933), grating orientation (Harrar et al. 2014; Sathian and Zangaladze 135!
1997) and other techniques (Harris and Diamond 2000; Harris et al. 1999; Kaas et al. 136!
2013; Spengler et al. 1997). We demonstrate here that tactile learning does not 137!
transfer in the same way to two fingers that are typically considered to be of the same 138!
topographic relationship with the trained finger. Rather, we find that improved acuity 139!
on the middle finger rapidly transfers to the adjacent index finger (by the second 140!
testing session), while transfer to the adjacent ring finger is relatively delayed – 141!
occurring later in the time-course (by the fifth testing session).  142!
This divergence in the rate of transfer across fingers may not have been identified 143!
previously because studies of tactile perceptual learning typically involved prolonged 144!
training with only a single post-test session for untrained fingers (Harrar et al., 2014; 145!
J. A. Harris et al., 1999; A. L. Kaas et al., 2013), trained/untrained testing sessions 146!
that were not conducted concurrently (Sathian & Zangaladze, 1997), or averaged 147!
across finger identities (Harrar et al., 2014; J. A. Harris et al., 2001). In the current 148!
study, differential transfer was only revealed by scrutinising the longitudinal time-149!
course of topographic spread, permitted by multiple thresholds tests on all fingers 150!
across the course of training. While not previously documented in tactile learning, our 151!
finding is supported by studies from auditory perceptual learning that demonstrate 152!
discrimination gains occurring alongside different learning-dependent 153!
neurophysiological events across the time-course of learning (Atienza, Cantero, & 154!
Dominguez-Marin, 2002). 155!
!
!
94!
The index and the ring finger typically differ in their initial tactile thresholds (Sathian 156!
& Zangaladze, 1996) and therefore may also differ in their capacity to improve 157!
following repeated sensory exposure, resulting from the multiple testing sessions. 158!
This could be due, for example, to finger-specific physiological differences such as 159!
mechanoreceptor innervation and skin conformance of the finger pads, or the amount 160!
of cortical territory that they occupy. To account for this, we also examined the 161!
pattern of threshold change over time on the untrained fingers of the trained group 162!
(i.e. on the opposite hand), and of all fingers of both hands of the untrained control 163!
group. As differential transfer of learning was only observed in the trained hand, our 164!
results suggest that the dissociated pattern does not result from differences in learning 165!
capacities of the index versus ring fingers. Instead, we suggest that this pattern might 166!
reflect differing levels of overlap between sensory finger representations resulting 167!
from sensory co-activation during action. 168!
 169!
Previous research has demonstrated distinct cooperative use profiles for different 170!
pairs of fingers in everyday behaviour (Häger-Ross & Schieber, 2000; Soechting & 171!
Flanders, 1997) and suggested a link between the independence of a finger in natural 172!
action and characteristics of its representation in the primary motor cortex (Ingram et 173!
al., 2008). Given that patterns of coincident and dissociated stimulation have been 174!
consistently shown to result in respective integration and segregation of RFs encoding 175!
the differentially stimulated areas (Mogilner et al., 1993; Wang et al., 1995), we 176!
suggest that the same mechanism may hold for sensory finger representation1.  While 177!
we did not actively manipulate use in the current task (i.e. our task was purely 178!
sensory), we suggest the dissociated rates of transfer between the adjacent ring and 179!
adjacent index fingers reflect differences in the cortical interrelationship of these 180!
fingers as a result of habitual patterns of digit manipulation (‘use-topography’). 181!
Consistent with this, differences in the overlap of middle and ring finger sensory 182!
maps have recently been identified in SI using high-resolution fMRI (as reflected in 183!
larger ‘overlap ratio’, Table 4 in Besle et al. 2014), and using representational 184!
similarity of multivoxel patterns (Ejaz et al., 2015). It should be reiterated that the link 185!
between habitual cooperative action between fingers, cortical finger representation 186!
!
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and the transfer of perceptual learning we suggest here is tentative, and requires 187!
causal support from future research. 188!
 189!
Footnote1 190!
Transfer of tactile perceptual learning between homologous fingers has been 191!
documented by a number of studies (Harrar et al., 2014; J. A. Harris et al., 2001; 192!
Nagarajan et al., 1998; Sathian & Zangaladze, 1997, 1998). At the current time, there 193!
is a dearth of literature regarding the natural statistics of co-operative action between 194!
homologous fingers. For this reason, while we replicate homologous transfer in the 195!
current study, we are unfortunately unable to speculate about the link between 196!
habitual action and contralateral learning transfer. We therefore focus on within-hand 197!
transfer patterns – where the literature is sufficiently well grounded to build upon. 198!
 199!
Topographic changes underlying divergent transfer of tactile learning 200!
Given that overlapping sensory representation was previously suggested to facilitate 201!
transfer of tactile learning (Harrar et al., 2014; J. A. Harris & Diamond, 2000; J. A. 202!
Harris et al., 2001; J. A. Harris et al., 1999), the delayed improvement of the adjacent 203!
ring finger compared to the almost immediate learning in the adjacent index, requires 204!
some discussion. This is because the ring and middle fingers are suggested to be more 205!
over-lapping than the index and middle fingers, which could be expected to result in 206!
faster transfer of learning to the ring than the index finger. As mentioned in the 207!
introduction, this somewhat counter-intuitive result may reflect competitive cortical 208!
magnification processes that occur during training. Following repetitive tactile 209!
stimulation, the cortical territory of the stimulated skin surface has been shown to 210!
increase in SI, leading to lateral shifts of the borders, a reduction in size of RFs 211!
(though see Recanzone et al. 1992a for RF increases) and a migration of the foci of 212!
the RFs towards the stimulated zone (Detorakis and Rougier 2014; Jenkins et al. 213!
1990; Recanzone et al. 1992a; Xerri et al. 1994; see Buonomano and Merzenich 1998 214!
for review). These neural changes occur in tandem with increased perceptual 215!
improvements (G. a. Recanzone, Schreiner, & Merzenich, 1993; G. H. Recanzone, 216!
Merzenich, Jenkins, et al., 1992). Thus while both adjacent fingers receive benefits 217!
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from learning transfer, we propose this is offset by the loss of neural resources to the 218!
trained finger. 219!
 220!
Further to this, we suggest that the expanding representation of the trained finger 221!
might unevenly recruit cortical territory from the two adjacent fingers due to the 222!
differences in baseline overlap stated above. The adjacent index has less initial shared 223!
territory with the middle finger (and more independent territory). Following cortical 224!
magnification of the middle finger zone, the relatively minor losses of shared territory 225!
(for the adjacent index compared to the adjacent ring) combined with perceptual gains 226!
from learning transfer would result in a net gain (loss + transfer = improvement in 227!
threshold). In comparison, the adjacent ring finger would lose more shared territory to 228!
the trained finger, resulting in a net plateau, or even a detriment of tactile threshold (in 229!
the face of repeated exposure to the testing paradigm) (loss + transfer = no 230!
change/reduction in threshold). Such a pattern of interference is seemingly apparent 231!
from visual inspection of the adjacent ring finger thresholds at testing sessions two 232!
and four, which appear to increase directly following training. Since, however, these 233!
threshold increases are, in fact, statistically non-significant, a more cautious 234!
interpretation is simply the ring finger is delayed in its ability to gain from training in 235!
the middle finger (though the true nature of these changes cannot be determined with 236!
complete certainty at this stage). Cortical magnification subsides with time elapsed 237!
since training, though discrimination benefits remain (Lissek et al., 2009; A. Reed et 238!
al., 2011): thus, in the later stages of the experiment the adjacent fingers regain their 239!
lost territory and the ring finger is able to improve its discrimination threshold from 240!
baseline, replicating topographic tactile perceptual learning (Harrar et al., 2014). 241!
 242!
As an alternative explanation to cortical magnification, differential transfer effects 243!
could result as a function of diverse excitatory and inhibitory synaptic plasticity in 244!
horizontal intracortical connections (Hickmott & Merzenich, 2002; Paullus & 245!
Hickmott, 2011). Consistent stimulation has been found to produce divergent 246!
outcomes depending on whether the stimulated connection occurs within a 247!
functionally defined region (i.e. a continuous connection) or across a functional 248!
border (discontinuous). For example, long-term potentiation of inhibitory circuits has 249!
!
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been demonstrated to have a greater effect on continuous than discontinuous 250!
connections in SI (Paullus & Hickmott, 2011). Applied to our results, greater overlap 251!
between the territories of the middle and ring fingers should result in a greater number 252!
of continuous connections linking the two. Learning in the middle finger would lead 253!
to increased inhibition of continuous circuits (comparatively more inhibition in the 254!
ring finger) with concurrent excitation of discontinuous circuits (greater facilitation 255!
for the index) causing immediate improvement of index finger thresholds and a delay 256!
for the ring finger (see Muret et al. 2014 for discussion of a similar mechanism for 257!
divergent learning across the human hand-face border; also see Haenzi et al. 2014 for 258!
detrimental somatosensory outcomes following cross-border transfer). 259!
260!
Finally, the divergent learning pattern might be explained at the level of read-out, 261!
fitting with a higher-order explanation of learning. During training, overlapping 262!
inputs would need to be inhibited to selectively read-out from the middle finger – 263!
enhancing the signal-to-noise ratio and improving discrimination for the middle finger 264!
(Law and Gold 2008; 2009). Since at baseline the middle finger has greater 265!
overlapping representation with the trained finger, this inhibitory effect would be 266!
stronger for the ring, with similar implications as described above. 267!
268!
While speculative, these potential mechanisms fit with research demonstrating that 269!
intensive training in the fingers can lead to negative sensory and motor outcomes, 270!
such as in focal dystonia. It has been suggested that the cortical magnification 271!
consequential to training leads to reduced intracortical inhibition through the loss of 272!
inhibitory interneurons (Hallett, 2011), which result in the desegregation of finger 273!
representations (Butterworth et al., 2003) and alterations in the number of neurons 274!
with enlarged, overlapping or multi-finger RFs (Byl et al., 1997; Byl et al., 1996). 275!
This process has also been suggested to underlie reductions in tactile sensitivity seen 276!
in the elderly (Kalisch, Ragert, Schwenkreis, Dinse, & Tegenthoff, 2009). Our results, 277!
derived from perceptual learning in healthy young adults, provide indirect support of 278!
the competitive and potentially detrimental relationship between finger 279!
representations in the human brain. 280!
!
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Conclusions 281!
We report a difference in how perceptual learning on the middle finger generalises to 282!
adjacent fingers. We suggest that while physical proximity is known to be an 283!
important organising force in SI (body-topography), patterns of everyday action could 284!
modulate basic body-topography to reflect these interrelationships (use-topography) – 285!
with both processes occurring as a function of cooperative use profiles. In the light of 286!
our results, we suggest a more cautious application of knowledge gained from the 287!
visual sciences on learning transfer to non-visual modalities, as the supportive 288!
mechanisms might have inherent functional differences. We believe that these 289!
findings will aid in the development of a more complete understanding of the 290!
organising principles of the somatosensory cortex, and the importance of habitual 291!
patterns of motor activity in shaping representations in the somatosensory system, in 292!
particular. 293!
!
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Supplementary Section – Generalised Estimating Equation Analysis 
 
We used a generalized estimating equation (GEE) to model the effect of finger (trained 
middle, adjacent index, adjacent ring, homologous middle, other index, other ring) and 
testing sessions (1-5) on tactile discrimination thresholds (see Equation 1 for the general form 
of the model). This analysis takes into account the dependency between the multiple 
measures of each participant, while building a model (equation) that includes only significant 
factors (and their interactions) and estimates the beta values (weight) associated with each.  
 
The model was constrained to linear fits; we did not permit session to be fitted with higher-
order factors  (i.e. cubic or quadratic fits were not permitted) because we had no a priori 
reason to anticipate the nature of a non-linear learning effect. While goodness of fit would 
have undoubtedly improved with a more complex model, the linear model fitted relatively 
well and remained a parsimonious explanation for the data. The trained finger was the non-
unique (redundant) parameter in the model, thus its improvement is represented by the slope 
(beta) for the main effect of session. The beta values for the other interactions indicate the 
difference in slope from the trained finger. Since a decrease in threshold indicates an 
improvement, the more negative is the slope, the larger the improvement (i.e. the more 
learning). 
 
The output from the GEE analysis revealed that ‘finger’ was a significant predictor of tactile 
orientation discrimination (Wald Chi-square = 31.9, p<.001), as was ‘session’ (Wald Chi-
square = 40.8, p<.001), as well as the interactions between the two (Wald Chi-square = 36.1, 
p<.001). The final model predicting tactile discrimination thresholds from the three factors 
was a very good fit to the data, QIC: 151 (see Table S1 for beta and p-values for each 
variable, and see Figure S1 for means and estimates of linear fits). The significant interaction 
means that the effect of training sessions was not the same for all fingers; the learning curve 
was different for at least one finger. Since significant interactions are present, the main 
effects should be considered with caution. 
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The beta values for the interactions indicate the difference in slope from the trained finger. 
Beta values for all interactions of finger*session were positive, which indicates that the 
trained finger had the largest negative slope, and, therefore, the other fingers learned less than 
the trained finger. Thus, unsurprisingly, training had the largest effect on the trained finger 
[see table Supp1 for all beta values].  
 
The beta values representing the interactions for the untrained fingers were significant in all 
cases except for the adjacent index finger. This indicates that the adjacent index finger had 
the same time-course of learning as the trained finger. The remaining fingers – the adjacent 
ring, homologous, other index and other ring – however, had slopes which were significantly 
different from the trained finger and, therefore, followed a different time-course than the 
trained finger. The fact that the adjacent ring, but not the adjacent index finger, showed 
divergence from the trained finger supports the experimental main finding of a difference in 
the pattern of learning between the two adjacent fingers over time (see main text for further 
analysis of change in individual fingers over time).  
 
In summary, the results of the GEE model reveal that finger identity and training session 
significantly and independently affected the tactile discrimination threshold, as well as the 
interaction between these factors. Overall, we found that the thresholds decreased across 
sessions. More specifically, the adjacent index finger followed the same pattern of learning 
over time as the trained finger, while the adjacent ring and remaining fingers changed 
differently over time compared to the trained finger. 
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Figure Supp1. Mean thresholds and linear fits estimated with Generalised Estimating 
Equation Analysis (GEE). Mean thresholds for each finger (baseline-normalised for ease of 
visual comparison) are plotted as a function of testing session. Dashed lines, error bars 
represent standard errors of the mean. The regression lines that best fit the trajectory of each 
finger are plotted with solid lines. The trained finger (red) had the steepest learning curve, 
which was significantly more slowly than the adjacent ring finger’s learning curve (green).  
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Table Supp1. Factor (finger) and covariates (session) significantly affecting tactile acuity 
thresholds with training. See mean values and model fits in Figures 1. 
Predictors Beta p-value 
Intercept 2.26 p< .001 
Adjacent index -0.38 p= .076 
Adjacent ring -0.03 p= .830 
Other ring -0.02 p= .930 
Homologous -0.38 p= .051 
Other index -0.71 P= .001 
Session (linear) -0.22 p< .001 
Adjacent index * session 0.06 p= .249 
Adjacent ring * session 0.14 p< .001 
Other ring * session 0.15 p= .035 
Homologous * session 0.14 p= .022 
Other index * session 0.18 p= .004 
N.B. Session was treated as a continuous covariate variable while ‘finger’ was treated as 
categorical variable. The trained finger was the control (when the other factors are zero) 
against which the other fingers were compared; a significant Beta value indicates a difference 
from the trained finger. 
Equation 1: general form  
Thresholdgeneral = Intercept + Ai + Ar + Or + H + Oi + Session + Ai(Session) + Ar(Session)+ 
Or(Session)+ H(Session)+ Oi(Session)
Equation 2: only significant predictors  
Threshold = 2.26 -0.71(Oi) -0.22(Session) + 0.14(Ar)(Session )+ 0.15(Or)(Session )+ 
0.14(H)(Session)+ 0.18(Oi)(Session) 
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Introduction to Chapter Three: Experiment Two – Habitual action and visuo-
proprioceptive integration 
In the previous experiment I asked whether habitual patterns of tactile input to the fingers, as 
caused by action, alters topography – and therefore alters the course of tactile perceptual 
learning. In the following experiment, I wished to further explore the effect of patterns of 
sensory input on somatosensory perception, and the systems supporting somatosensation. 
Converging research from various sensory modalities suggests the characteristics of sensory 
input shape the structure and function of the neural mechanisms supporting perception (visual 
input: Karklin & Lewicki, 2009; motor activity: Howard, Ingram, Kording & Wolpert, 2009; 
Makin, Wilf, Schwartz & Zohary, 2010; visuo-motor affordances: Wilf, Holmes, Schwartz & 
Makin, 2013; tactile stimulation: Ingram, Kording, Howard & Wolpert, 2009). 
For example, in vision, previous experience viewing complex natural images has a significant 
effect on the way these images are processed for features by lower-order visual areas 
(Naselaris, Prenger, Kay, Oliver, & Gallant, 2009). This process occurs because the brain 
formulates a multitude of abstract representations of objects and scenes in the world, which 
generalise from multiple instances of visual input (Karklin & Lewicki, 2009). Karklin and 
Lewicki (2009) have modelled this process. From their models they suggest that higher-order 
neurons in the visual system could encode the probability of variations across different 
regions of a visual scene – producing a probability distribution that would best represent the 
likely appearance of a particular visual image. 
In the somatosensory domain there is also evidence sensory input shapes perceptual systems.  
As described in Chapter One, Ingram and colleagues (2009) describe how the natural 
statistics of habitual action are related to the size of cortical finger representations in M1. 
Similarly, a study from the same group tracked the interaction of the two hands in daily 
activities using portable motion tracking (Howard et al., 2009). They found that the kinds of 
movements documented in daily life involving coordination of the two hands predicted 
performance in a two-handed motor task in the laboratory. More specifically, the incidence of 
certain kinds of movements (involving symmetry/asymmetry of movements between the 
hands) was associated with performance of the participants on a phase-tracking task that 
involved a similar range of movements to those performed in daily life (as recorded by the 
motion tracking). This shows that experience performing particular actions affects the stored 
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motor commands, where those performed more frequently appear to be better represented – 
allowing efficient and accurate performance. Medina and Rapp (2014) demonstrated 
experience-dependent plasticity in individuals with somatosensory damage following stroke: 
they found that a tactile stimulus positioned on the arm could affect the perceived tactile 
location of a subsequent stimulus by up to 2-3cm. In other words, the history of stimulation 
affected future perception of stimuli. Makin and colleagues (2010) investigated whether a 
change in the extent of action space would be reflected in an alteration of visuo-spatial 
processing within this area. They recorded responses to left and right-presented targets (task: 
determine ‘which target was further from the central fixation cross?’) in unilateral amputees 
with either a left hand or right hand amputation. They found that amputees showed a mild 
‘neglect’ of the space corresponding with the side of their amputation, and, moreover this was 
seen in the near (reachable) space but not beyond this in far space [see Figure 6]. They 
concluded that the potential for action might shape perception within this area. It is also 
possible that the instance of action within the reachable area somewhat modulated attention 
and perception within this area. Interestingly, action can significantly affect perception even 
before the movement onset, demonstrating a modulation through intended action (Witt & 
Proffitt, 2008; Witt, Proffitt, & Epstein, 2005). This likely occurs through processes of pre-
action motor simulation (Witt & Proffitt, 2008). 
 
 
 
 
 
!
!
115!
 
 
 
 
 
 
 
Figure 6. Top panel, Taken from Makin et al. (2010): Left panel represents the outcome of 
the visuo-spatial task in two representative participants – participant 7 (black line, black 
circles) who had a left-side (LH) amputation, and participant 8 (black line, white circles) 
who had a right-side amputation (RH). Group results (right panel) revealed significant 
differences in the point of subjective equality of judgements that reflected a neglect-like bias 
for the amputated side of space. This is represented at a group level in the right hand panel. 
It is evident from this graph that the bias is only present in the near space – i.e. actionable 
space – but not in far space, which is out of reach. Bottom panel, taken from Howard et al. 
(2009): Spatial distribution of most frequent hand and elbow positions, as seen from the front 
(A) and side (B). The movement space shown in red and green (for the left and right hands 
respectively) represents 90% of all locations sampled by a typical participant’s arms. The 
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centre of this location is taken to represent the ‘habitual action space’ of the arm, as 
described below and in Chapter Three, Experiment Two. 
!
In Experiment Two, I wished to explore whether the incidence and/or potential for action 
within the workspace of an arm was related to somatosensory processes in these areas. To do 
so I induced the RHI on the participants’ arm in different spatial positions. Proprioceptive 
drift was used as a metric for visuo-proprioceptive integration. There were four different 
baseline hand positions that were constant in radial distance from the body, but varied in their 
lateral position with respect to the shoulder of the arm of origin. These positions, therefore, 
were distributed across the natural workspace of the arm – in and around the location in space 
in which the arm operates most frequently (Howard et al., 2009) (see bottom panel of Figure 
6). Drift at these multiple positions was compared first across the left arm workspace alone 
(Experiment One) and then for the left and right arms (Experiment Two). This allowed me to 
determine whether there was an alteration of multisensory integration of somatosensory 
information for these various arm positions, and therefore, whether habitual action in this 
space affects multisensory integration of somatosensory and visual information. 
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Chapter Three: Experiment Two - Enhanced integration of multisensory body 
information by proximity to ‘habitual action space’ 
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Abstract 
Previous research suggests integration of visual and somatosensory inputs is enhanced within 
reaching (peripersonal) space.  In such experiments, somatosensory inputs are presented on 
the body while visual inputs are moved relatively closer/further from the body. It is unclear, 
therefore, whether enhanced integration in ‘peripersonal space’ is truly due to proximity of 
visual inputs to the body space, or, simply the distance between the inputs (which also affects 
integration). 
Using a modified induction of the rubber hand illusion, here we measured proprioceptive drift 
as an index of visuo-somatosensory integration when distance between the two inputs is 
constrained, and absolute distance from the body is varied. Further, we investigated whether 
integration varies with proximity of inputs to the habitual action space of the arm – rather 
than the actual arm itself. 
In Experiment One, integration was enhanced with inputs proximal to habitual action space, 
and reduced with lateral distance from this space. This is not attributable to an attentional or 
perceptual bias of external space because the pattern of proprioceptive drift was opposite for 
left and right hand illusions i.e. consistently maximal at the shoulder of origin (Experiment 
Two). We conclude that visuo-somatosensory integration varies as a function of experience 
and habitual action postures. 
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Enhanced integration of multisensory body information by proximity to ‘habitual 
action space’ 
 
A wide body of research suggests that there is enhanced integration of auditory/visual stimuli 
with somatosensory stimuli within the reaching space of the arms, i.e. the action or 
peripersonal space (Brozzoli, Pavani, Urquizar, Cardinali, & Farne, 2009; Canzoneri, 
Magosso, & Serino, 2012; Holmes, Sanabria, Calvert, & Spence, 2007; Holmes & Spence, 
2004; Làdavas, Di Pellegrino, Farnè, & Zeloni, 1998; Maravita, Spence, & Driver, 2003; 
Serino, Canzoneri, & Avenanti, 2011; Teneggi, Canzoneri, Di Pellegrino, & Serino, 2013). 
For example, a tactile stimulus on the body will be detected faster and more accurately when 
a visual stimulus is presented at the same bodily location than when the visual stimulus is 
presented contralaterally, or outside reaching space (in extrapersonal space) (Spence, Pavani 
& Driver, 2000; reviewed in Ladavas & Farne, 2004, Holmes & Spence, 2004, and Ladavas, 
2002). Within peripersonal space, other ‘integration regions’ have been documented around 
body parts such as the hand (perihand space) (Sambo & Forster, 2009), as well as the head, 
abdomen and arms (Fogassi et al., 1996; M. S. A. Graziano, 1999). 
These integration regions are thought to exist because of the potential for functional 
interaction with objects within these spaces (Makin, Holmes, & Zohary, 2007). Supporting 
this, tool-use studies show the boundary for altered integration can be extended to 
accommodate a larger ‘reaching space’ incorporating the area around the tip of a tool that is 
being used (or has been used) to perform actions (Bassolino, Serino, Ubaldi, & Làdavas, 
2010; Canzoneri et al., 2013; Farnè, Iriki, & Làdavas, 2005; Holmes et al., 2007; Iriki, 
Tanaka, & Iwamura, 1996).  Additionally, Brozzoli and colleagues (2009) demonstrated task-
irrelevant visual distractors cause more interference to the detection of tactile targets if the 
hand is about to move into the location of the distractors, as compared to when it is not about 
to move (see also Brozzoli, Cardinali, Pavani, & Farne, 2010).  This shows the potential for 
future action in a spatial location modulates sensory integration (Brozzoli et al., 2009). It also 
shows that the borders of integration regions are dynamic, and, that the presence of the actual 
body part may not be necessary to modulate integration. 
Paradigms examining the efficiency of visuo-somatosensory integration have presented the 
somatosensory stimulus on the body as the visual stimulus is moved further away. Thus any 
changes in integration could be interpreted as caused by the visual stimulus crossing beyond 
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the border of the integration region. However, it is also known that simple spatial congruency 
also affects the strength of multisensory integration: that is, the closer two inputs in space, the 
more efficiently they will be integrated (reviewed in Holmes & Spence, 2005). This means 
that, in the case of multisensory integration involving a somatosensory stimulus, it is difficult 
to disambiguate the effects of distance from the integration region (body space explanation) 
from the pure spatial separation of inputs (relative space explanation). In the current study, 
we wished to examine the integration of visual and somatosensory hand position information, 
and whether this varied with respect to the body space. Given the above considerations, we 
constrained the distance between the two inputs to examine the effect of absolute proximity 
of sensory inputs to the body (controlling for relative distance). 
As an additional interest, we wished to investigate the idea that a body part does not need to 
actually be present to modulate integration (as alluded to by the results of several studies 
mentioned above: Bassolino et al., 2010; Brozzoli et al., 2009; Canzoneri et al., 2013; Farnè 
et al., 2005; Holmes et al., 2007; Iriki et al., 1996). Specifically, we aimed to determine 
whether integration varies with proximity to the ‘habitual action space’ of the hand, rather 
than the position of the hand itself. Research using portable motion tracking suggests that, 
despite the wide range of possible positions, the hand most commonly operates with the 
elbows at the trunk and the forearms extended at 90º in front of the body i.e. the ‘habitual 
action space’ (Howard et al., 2009). Research from outside the field of multisensory 
integration, suggests that perceptual systems are shaped by habitual patterns of stimulation 
(Ejaz et al., 2015; Howard et al., 2009; Ingram et al., 2008; Makin et al., 2010; Medina & 
Rapp, 2014). This has not, to our knowledge been demonstrated for multisensory integration. 
We predicted there should be a change in the strength of visuo-somatosensory integration 
when the multisensory stimuli are moved towards and away from this habitual action space. 
To investigate the integration of visual and somatosensory hand-position information we used 
a modification of the rubber hand illusion induction (RHI). In the RHI, an illusory spatial 
separation is created between the participants’ actual hand and a false visual hand stimulus 
(Botvinick & Cohen, 1998; Tsakiris & Haggard, 2005). In the majority of participants, this 
produces the perception that the actual hand position is closer to the visual hand position after 
the illusion induction, as compared to before (Botvinick & Cohen, 1998; Holle et al., 2011; 
Rohde et al., 2011). This change is called proprioceptive ‘drift’ and is used as a proxy 
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measure for the strength of integration between the somatosensory and visual inputs – where 
more drift indicates more integration (Rohde et al., 2011). According to the principles of 
optimal integration theory, this occurs because the visual information is considered more 
reliable by the central nervous system and therefore is given a greater weighting to influence 
the final percept (Ernst & Bülthoff, 2004; Lackner & Taublieb, 1984). Therefore, using this 
paradigm we were able to explicitly manipulate the perceived position of the visuo-
somatosensory stimuli with respect to the habitual action space. 
In Experiment One, participants were seated at an apparatus that occluded the position of 
their actual left hand, and were presented with a realistic photo of a hand at one of four 
spatial locations (see also Dempsey-Jones & Kritikos, 2014). Two hand positions were 
presented near the habitual action space. In these positions the left hand was located slightly 
to the left or right of the left shoulder respectively (conditions ‘OLS’ and ‘ILS’, for ‘Inside’ 
and ‘Outside Left Shoulder’). Two further positions were laterally shifted away from the 
habitual action space, towards the right shoulder (conditions ‘M’, for ‘Midline’ and ‘IRS’ for 
‘Inside Right Shoulder’) (see Figure 1A & B axis labels). The participant’s actual hand was 
positioned by the experimenter in a position directly adjacent to the hand image (i.e. with a 
constant 10cm separation). Actual and hand image positions were varied trial-by-trial to 
include all adjacent combinations of the four possible positions. We predicted a systematic 
reduction of drift as the position of the actual (somatosensory) and seen (visual) hand position 
information moved away from the habitual action space of the arm. This would result in 
maximal drift when the left hand was positioned near to the left shoulder (condition OLS). 
We further predicted a gradient of reduction as the visuo-somatosensory stimuli moved to the 
right (along an azimuth plane). This result would support a body space explanation of drift 
modulation (modelled in Figure 1A). The demonstration of a modulation of drift by absolute 
proximity to the action space would argue against the suggestion that extra-peripersonal 
space integration differences are caused by the distance between visual and somatosensory 
inputs alone (that is, a relative space explanation: modelled in Figure 1B). 
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Figure 1. Graphs representing the possible outcomes of Experiment One (A & B). We 
predicted an absolute modulation of visuo-somatosensory integration in vs. beyond the 
habitual action space, i.e. a linear decrease in drift from left to right (body space 
explanation) (A) as opposed to equal drift across space (B) which would occur if integration 
only varied as a function of the spatial distance between inputs (relative space explanation). 
In Experiment Two, the illusion was conducted on the left and right hands separately. We 
expected to see opposite linear patterns of drift for the two hand conditions, with maximal 
drift in the habitual action space (body space explanation) (C). This would contradict the 
theory a left-to-right linear effect of drift in Experiment One was caused by a bias to the left 
hemispace (external space account) (D). Condition codes represent the position of the hand 
with respect to the shoulder of origin (i.e. also the hand upon which the illusion was 
induced): OLS/ORS – Outside Left/Right Shoulder respectively, ILS/IRS – Inside Left/Right 
Shoulder respectively, M – Midline. 
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EXPERIMENT ONE. 
Methods 
Design 
We used a repeated-measures design, with independent variables: Hand Position (four levels: 
OLS, ILS, M, IRS, more details below) and Time (three levels: baseline, pre-illusion, post-
illusion). 
Participants 
Twenty-one students from the University of Queensland (11 male, 10 female; age, M = 19.3 
years, SEM = .55) with normal (or corrected to normal) vision participated for course credit.  
Sixteen were right handed and five left handed or ambidextrous by self-report. All 
participants gave informed consent for participation. Ethical approval for the study was 
provided by the Behavioural & Social Sciences Ethical Review Committee of the University 
of Queensland (approval code: 11-PSYCH-PHD-06-JS). 
Experimental apparatus 
A specialised apparatus was constructed which allowed realistic hand images to be presented 
in the spatial depth plane of the actual hand, as opposed to a traditional rubber prosthetic 
hand. The apparatus consisted of three equidistant horizontal shelves (for dimensions see 
Figure 2). A LCD computer screen was fitted into the top shelf at head height, facing 
downwards (size, 51 x 33cm; resolution, 1680 x 1050). The left hand image was presented on 
this screen and reflected by a mirror set into the middle shelf, at chest height. Participants 
looked down into the mirror, which made it appear they were looking down at their own left 
hand through a pane of glass. The height of the chair was adjusted so the participant’s arms 
could rest pronated comfortably on the bottom shelf (the experimental workspace) with their 
upper arms by their side and their forearms projecting at 90° from the body, parallel with the 
ground – consistent with the position of the habitual action space (Howard et al., 2009). 
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Figure 2. Diagram of experimental apparatus (top-left panel); display of ruler for estimation 
of hand position (top-right panel) and an example of positioning of the actual hand and hand 
image for raw condition OLS-ILS (‘Outside Left Shoulder-Inside Left Shoulder respectively): 
i.e. actual hand at position OLS, and illusion shifting felt position towards hand image a 
position ILS (bottom-right panel); and a schematic of the experimental timeline and 
individual trial timeline (bottom-left panels). 
 
Real hand/hand image positions 
The four hand positions were selected for their orientation with respect to major bodily 
landmarks – primarily the habitual action space and the head. They were positioned 10cm 
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apart, on a straight lateral plane (perpendicular to the mid-sagittal plane) across the bottom 
shelf of the apparatus and out of sight of the participant (see Figure 2). Lines were drawn on 
the experimental workspace for each position and used to orient the hand and wrist in a 
straight line, perpendicular to the body. This was considered important because rotation of 
the (real or rubber) hand can reduce illusion effectiveness (Costantini & Haggard, 2007). The 
spacing of the hand positions were based on pilot work1 that ensured the hand positions were 
comfortable to maintain. This was because previous research suggests extreme joint positions 
can reduce the accuracy of limb position estimation (Rossetti et al., 1994). 
Footnote1. Piloting work consisted of asking a range of participants to sit at the apparatus 
with their hands in various positions across the experimental workspace (around the habitual 
action space and across the body, laterally) for a period matching the duration of the illusion 
induction (60 seconds). Anecdotal self-reports of comfort and ease of holding the position 
were used to create the final positions.  
Positions OLS and ILS (‘Outside’ and ‘Inside Left Shoulder’, respectively) were positioned 
an equal distance (5cm) either side of the left shoulder (OLS: visual angle, 25.73° left of 
straight-ahead; ORS: 14.56°). Position M (‘Midline’) was at the body-midline (0°). IRS 
(‘Inside Right Shoulder’) was a mirror image of position ILS, on the contralateral side of the 
body – and was thus, located between the midline and the right shoulder (14.56° right of 
straight-ahead). The participant’s forehead rested against the apparatus and was positioned in 
line with hand position M. A chin-rest, which extended 15cm above the surface of the middle 
shelf, was used to ensure the participant’s head remained at the correct location and a 
constant elevation for the duration of the experiment (i.e. midway between the middle and top 
shelf) (see Figure 2). The subject’s unused right hand rested in their lap, which was outside 
the boundaries of the apparatus and, therefore, not overlapping with the experimental 
workspace. 
All combinations of positions where the actual hand and hand image were at adjacent 
positions were used. This created six ‘raw’ illusion conditions: condition OLS-ILS (i.e. in 
which the illusion shifted felt location from the actual hand position OLS towards the hand 
image position ILS), condition ILS-ORS, condition ILS-M, condition M-ILS, condition M-
IRS, and condition IRS-M (see Table 1A). 
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For our main spatial comparison, these six raw conditions were collapsed according to the 
position of the participant’s hand to form the four ‘actual hand conditions’ (OLS, ILS, M, 
IRS). For example, conditions M-ILS and M-IRS were combined to form M – because for 
both conditions the hand was at position M (Table 1B). The six raw conditions were also 
collapsed according to the position of the hand image to form ‘hand image conditions’ for 
positions OLS, ILS, M and IRS (Table 1C). This was to test whether the spatial modulation 
of integration was stronger when conditions were grouped according to actual hand position 
or hand image position. 
Estimation of hand position in space 
Participants estimated the position of the tip of their (hidden) left middle finger using a ruler 
displayed on the computer monitor (see Figure 2). The fingertip was 25cm from the edge of 
the apparatus/screen closest to the participant. The ruler used veridical centimetres (with mm 
demarcations). It appeared on screen at the same on-screen height and depth as the fingertip 
(also 25cm from the closest edge of the apparatus). Fifteen different rulers (i.e. starting at 
different numbers) were used to prevent memory or learning effects. Experimental stimuli 
were presented with Eprime (Version 2.0, https://www.pstnet.com/). For each hand position 
judgement, the program randomly selected and presented one ruler on screen. Participants 
verbally reported the number representing their finger position aloud. This was coded into the 
computer by the experimenter – allowing the participant’s hands to remain still for the 
duration of the trial. 
Modified RHI induction 
i. No condition of visuo-somatosensory disintegration (asynchrony)
In the traditional RHI paradigm, during the spatial displacement of visual and proprioceptive 
hand information, both the rubber hand and participant’s hand are subjected to synchronous 
tactile input, i.e. ‘intermodal matching’ (hereafter matching) (Botvinick & Cohen, 1998; 
Longo et al., 2008; Tsakiris & Haggard, 2005). Botvinick and Cohen (1998) suggest visuo-
tactile synchrony (resulting from the synchronous brushing) causes a three-way interaction 
between vision, touch and proprioception, which causes drift and subjective changes. Many 
studies report a reduction, or attenuation of the illusion under asynchronous stroking 
conditions (Botvinick & Cohen, 1998; Longo et al., 2008; Tsakiris & Haggard, 2005; Zopf, 
Savage, & Williams, 2010). 
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The causative nature of matching in the RHI has been questioned following new results that 
demonstrate greater illusion in a ‘vision-only’ condition (with no stroking), compared to 
synchronous and asynchronous stroking conditions (Rohde et al., 2011). Other studies that 
demonstrate drift without tactile matching support this (Durgin et al., 2007; Holmes et al., 
2006). Recent theories now suggest drift may occur simply through the recalibration of felt 
position to the false visual information (Rohde et al., 2011). According to this account, 
illusion attenuation following asynchronous stroking reflects the inhibition of visuo-
somatosensory integration caused by the unexpected mismatch between seen and felt tactile 
inputs (Rohde et al., 2011). That is to say, matching may not cause drift, but conflicting 
intermodal inputs may disrupt it. 
The causative role of matching is currently unknown, but even if redundant in causing drift, it 
should not have a reductive effect on visuo-proprioceptive integration. Subsequently, here we 
induced synchronous stroking of the actual hand and hand image during the illusion induction 
in line with other comparable research. Synchronous visuo-tactile stimulation was applied by 
brushing the participant’s own hand and the hand image in time for a period of 60 seconds, at 
approximately 1Hz using soft paintbrushes of .5cm diameter. These brushes were affixed to 
the apparatus to ensure pressure, angle and contact of the brushes remained constant over the 
experiment duration and across participants. 
However, in our modified illusion induction, we did not include a condition of asynchronous 
stimulation (see also Dempsey-Jones & Kritikos, 2014). In addition to the unclear causative 
role of matching in causing proprioceptive drift, previous research suggests that when the real 
and ‘rubber’ hand are close together there is no significant difference in illusion outcomes for 
synchronous and asynchronous conditions (separations of 15cm: Zopf et al., 2010; and 10cm: 
Preston et al., 2013). Finally, because our interest was not in what arrests (or reduces) visuo-
proprioceptive recalibration, but whether the strength of integration is altered under particular 
conditions, asynchronous conditions were not informative for the central questions of this 
experiment. 
ii. Assessment of changes in position sense only in the current study 
There are widely reported subjective changes associated with the illusion induction involving 
alteration of the psychological ownership and embodiment of the participant’s own hand and 
the rubber hand (Ehrsson et al., 2005; Longo et al., 2008; Tsakiris et al., 2007). These have 
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also been documented without intermodal matching (Samad & Shams, 2012). In the current 
study, given our interest in the modulation of somatosensory perception these subjective 
changes were not of direct relevance and were, therefore, not assessed here. 
Procedure 
The baseline block was conducted first. At the start of each trial, the experimenter placed the 
participant’s left hand in one of the four possible hand positions. All four positions were 
repeated twice, with order randomised (all randomisation was determined by the 
experimental software). One ruler (randomly selected from the set of 15) was then presented 
on the screen, and the participant was made their baseline position estimation. The ruler then 
disappeared and a 60 second inter-trial interval (ITI) occurred where the screen was blank. 
Participants were asked to remove their hand from the shelf and place it in their lap, with 
their unused right hand, during this period. 
Following the baseline block, the experimental block began. The six raw illusion conditions 
were presented twice each (order randomised between-participants). Each raw condition trial 
commenced with a pre-illusion hand position estimation (procedure as above). Then the left 
hand image was presented on screen (timed for 60 seconds by the computer). During this 
time the participant’s left hand and the left hand image on the screen were brushed in 
synchrony by the experimenter (see above for procedure and timing). The hand image then 
disappeared and participants made their post-illusion estimate. Procedure for hand placement, 
break and ITI remained the same. 
Calculation of hand position measures 
For each judgement (baseline, pre-illusion, post-illusion), participants’ estimated hand 
position (from reported ruler value) was subtracted from actual hand position (on the same 
ruler) to determine the error in cm. Following validation of illusion induction in all conditions 
(i.e. significant change in position estimation from pre to post) (results in Supplementary 
Section One, section B) a difference score was created to represent drift magnitude. This 
difference score was the absolute value of the post- minus pre-illusion values. 
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Analyses 
A within-participants contrast analysis was used to investigate whether there was a spatial 
modulation of drift. This analysis falls under the framework of the ANOVA but provides a 
means of assessing whether a linear function (or other higher-order functions, such a cubic or 
quadratic) provide a significant fit to the data. We used this method assess whether there was 
a significant linear change in drift magnitude from hand positions on the left (at the left 
shoulder) to right (as hand position moved away), as per our hypothesis. 
Additionally, the spatial distribution of drift for the actual hand conditions was compared 
with that of the hand image conditions. This was to determine which grouping demonstrated 
a stronger spatial distribution and, therefore, whether the spatial effect identified occurred 
more as a result of the spatial position of the actual limb (felt position) or the position of the 
hand image (seen position). 
 
Results 
Drift is maximal for hand positions near the shoulder, decreasing as hand position 
moves away 
To examine the hypothesis of a spatial difference in drift magnitude we first compared all six 
raw conditions (to give a complete picture of change across all conditions conducted) and 
then compared the collapsed actual hand conditions (see Table 1B for calculation details).  
A one-way ANOVA with contrast analysis demonstrated a significant linear effect 
representing the differences between the six raw drift conditions, F(1, 21) = 5.57, p = .028, 
η2p = .21. Figure 3A below demonstrates the direction of this linear function, where the 
largest drift magnitude occurred when the hand was in the left-most position  (condition 
OLS-ILS). This drift reduced as hand position moved towards the right shoulder, with a 
minimum drift at the right-most position (IRS-M).
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Table 1. Data for Experiment One: Pre- and post-illusion hand position estimations (mean & standard error of the mean (SEM)) and 
calculation of drift magnitude (drift) from these values (absolute value of the post-illusion score minus pre-). This is presented for the six raw 
conditions (A), actual hand conditions (B) and hand image conditions (C). See images for a visual representation of the real hand and hand 
image positions, as well as the direction of illusion in each condition. Condition codes represent the position of the hand with respect to the 
shoulder of origin (i.e. also the hand upon which the illusion was induced): OLS/ORS – Outside Left/Right Shoulder respectively, ILS/IRS – 
Inside Left/Right Shoulder respectively, M – Midline. 
A. Raw conditions B. Actual hand conditions C. Hand image conditions 
Condition Visual representation Pre-
illusion 
Post-
illusion 
Drift Condition Visual 
representation 
Drift Condition Visual 
representation 
Drift 
OLS-ILS 1.25 
(0.59) 
5.73 
(0.75) 
4.48 
(0.55) 
OLS 4.48 
 (0.55) 
OLS 4.20 
(0.46) 
ILS-OLS -0.77 
(0.67) 
-4.98 
(0.66) 
4.20 
(0.46) 
ILS 4.13 
(0.40) 
ILS 4.11 
(0.54) 
ILS-M 0.84 
 (0.58) 
4.89 
(0.80) 
4.05 
(0.55) 
M-ILS -1.34 
 (0.49) 
2.39 
(0.89) 
3.73 
(0.58) 
M 3.74 
(0.56) 
M 3.76 
(0.43) 
M-IRS -1.84 
 (0.31) 
-5.59 
(0.64) 
3.75 
(0.64) 
IRS-M -3.55 
 (0.56) 
-7.02 
(0.29) 
3.48 
(0.47) 
IRS 3.48 
 (0.47) 
IRS 3.73 
(0.58) 
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A second one-way ANOVA demonstrated a significant linear effect fit to the drift means for 
the four actual hand positions, F(1, 21) = 4.37, p = .049, η2p = .17. The direction was 
consistent with the raw conditions: the illusion induced largest drift when the left hand was in 
the left-most position (OLS), reducing as the hand moved laterally to the right, with a 
minimum at IRS (see Figure 3B). 
Felt position modulates spatial visuo-somatosensory integration more than seen position  
A one-way ANOVA showed no significant linear (or other) effect for the four hand image 
condition means, F(1, 21) = 1.07, p = .313, η2p = .05. Therefore, the spatial effect of drift 
magnitude was abolished when using a spatial grouping based on hand image position than 
on actual hand position (see Figure 3C). This supports the role of the felt position in creating 
the spatial effect documented above. 
 
 
Figure 3. Spatial analysis of drift magnitude for Experiment One. Points on the lines 
represent mean drift in each condition, bars represent standard error of the mean (SEM). 
Condition codes represent the position of the hand with respect to the shoulder of origin (i.e. 
also the hand upon which the illusion was induced): OLS/ORS – Outside Left/Right Shoulder 
respectively, ILS/IRS – Inside Left/Right Shoulder respectively, M – Midline. (A) The six raw 
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conditions show a significant spatial linear effect of drift, with maximal drift at the left, 
decreasing with lateral distance towards the right. (B) The same pattern was seen when six 
conditions were collapsed into four conditions to represent actual hand positions. (C) No 
linear (or other) significant spatial effect of drift magnitude was seen when conditions were 
collapsed according to hand image position – suggesting the spatial modulation of drift 
identified (in A and B) is more due to the felt position of the limb, than the visual position of 
the hand image. 
 
Experiment One - Discussion 
Preliminary evidence for enhanced visuo-somatosensory integration in habitual action 
space 
In this experiment we wished to demonstrate the modulation of visuo-somatosensory 
integration as a function of the absolute position of the sensory inputs with respect the body 
(body space explanation). To this end, we held the position between the visual and 
somatosensory inputs constant – to show that any modulation was not attributable to simple 
spatial congruence between these inputs, unrelated to body position (relative space 
explanation: see Holmes & Spence, 2005). We used proprioceptive drift as a measure of this 
integration, where larger levels of drift indicate increased integration of visual and 
somatosensory information about hand position (and lower drift indicates less integration: 
Rohde et al., 2011). We also investigated whether functional modulations of multisensory 
integration can occur as a function of habitual patterns of action and sensory stimulation. The 
results of previous studies have suggested that the presence of the actual hand may not be 
necessary for modulations of integration to occur: for example, tool-use studies (Bassolino et 
al., 2010; Canzoneri et al., 2013; Farnè et al., 2005; Holmes et al., 2007; Iriki et al., 1996) and 
studies indicating the plan for action might alter integration in the space into which the arm 
‘is about to move’ (Brozzoli et al., 2010; Brozzoli et al., 2009). To investigate this, we looked 
at whether drift varied with respect to the habitual action space of the arm: that is, when the 
hand is approximately aligned with the shoulder of origin (Howard et al., 2009). 
Supporting these hypotheses, spatial analysis of drift scores revealed that, for the left arm, 
there is a linear spatial modulation of drift, whereby greatest drift occurs when visuo-
proprioceptive recalibration was induced at, or near to, the left shoulder. Drift magnitude 
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decreased steadily from left to right, reaching a minimum for the hand position furthest to the 
right. This was the case for the six ‘raw’ conditions (see Figure 3A) and the four actual hand 
position means (see Figure 3B). 
The combination of proximity of the actual hand (somatosensory/proprioceptive hand 
position cues) and proximity of the hand image (visual hand position information) to the 
habitual action space results in alteration of multisensory integration within this spatial 
region. We wondered, however, whether the position of the actual hand or the position of the 
hand image was the more critical factor in driving this spatial effect? That is, the alteration of 
multisensory integration in action space could result because of the high frequency of 
positioning of the arm in this location, or the frequency of visual targets for action in that 
area. We assessed the relative modulation of visual and somatosensory inputs on drift by 
grouping and comparing the actual hand position conditions with the hand image position 
conditions. We found that when drift values were grouped into four hand image position 
means (as opposed to actual hand means, above) the spatial effect was no longer significant 
(see Figure 3C). This supports a the role of felt position cues in the effect we report here. 
Significant drift at all positions and directions tested across the workspace of the arm 
Previous investigations of the absolute spatial modulation of multisensory integration have 
suggested drift does not occur when the real or rubber hand crossed the midline (Cadieux, 
Whitworth, & Shore, 2011), or when the rubber hand was more lateral to the body than the 
real hand (Preston, 2013). It is known, however, that there is significant variation in 
localisation of the hand across the workspace of the arm (Haggard et al., 2000; Wilson et al., 
2010), also see Supplementary Section One, section A for verification in our data. We 
anticipated, therefore, that drift should actually occur for all positions of the hand once this 
variability in localisation had been accounted for. Subsequently, we used a pre- to post-
illusion difference score for hand localisation. Using our error corrected measure we were 
able to demonstrate significant proprioceptive drift in all conditions. This indicates that 
irrespective of the direction of the shift or relative position of the actual or illusory hand (i.e. 
which is closer to the body/further) there is integration of the visual and proprioceptive hand 
position information by the central nervous system. Indeed, there appears to be no reason 
integration should not occur across the hand’s workspace according to models of 
multisensory integration which detail how integration occurs as a function of the reliability of 
multisensory inputs. Optimal integration theory, for example, suggests integration occurs as a 
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function of the reliability of the sensory inputs available (Ernst & Bülthoff, 2004; Fitzpatrick 
& McCloskey, 1994; Guerraz et al., 2012; Lackner & Taublieb, 1984; van Beers et al., 1999). 
The reliability determines the weighting of each input to the final percept. Thus, in the RHI, 
felt position shifts from the actual hand location towards the false visual information due to 
the greater sensitivity and reliability of the visual body position information in this context 
(Rohde et al., 2011). 
Interestingly, considering optimal integration theory could lead to an alternative prediction 
about how drift should vary across the workspace of the arm.  Following this account, it 
could be predicted that visual information should cause more bias to position estimation 
when the proprioceptive information is least stable: that is, when the hand is far from the 
shoulder, and hand localisation is least accurate and reliable (Wilson et al., 2010). This would 
mean the hand is least susceptible to illusory displacement when the hand is near the shoulder 
(Cadieux et al., 2011). However, as we describe, such a pattern is the direct spatial converse 
of the results we identify here. This is an interesting consideration, and future investigation 
should investigate the interaction of reliability-based and functional-interaction based 
modulations of multisensory integration. 
As a supplementary analysis we explicitly investigated the distribution and inhomogeneity of 
variance (as a proxy measure to represent the reliability of sensory inputs) and compared this 
with the distribution of drift magnitude. We found that the distribution of variance scores 
followed a significantly different pattern to the drift magnitude scores suggesting that 
alterations in variance cannot explain the spatial pattern of drift that we present here (see 
Supplementary Section Two for full analysis and discussion). 
Alternative explanation of the spatial drift effect – action space vs. external space 
hypotheses 
Next we performed additional checks to ensure the nature of the spatial effect we had 
identified was indeed consistent with a habitual action space interpretation. We performed an 
additional analysis to determine whether our spatial effect was, in fact, simply caused by 
baseline error in localisation of the hand. To do so, we compared drift scores for hand 
positions that had the same baseline error. Our analysis (presented in Supplementary Section 
One, section D, for brevity) did not support the suggestion that baseline error caused the 
spatial modulation of drift we present here. 
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More critically, we wished to rule out a second alternative explanation: that a general bias in 
perception or integration due to the position of the hands in external space (i.e. left vs. right 
hemispace) caused the drift effect we identified in Experiment One. Neurotypical individuals 
show a general attentional bias towards the right hemispace, associated with a perceptual shift 
of the subjective straight ahead towards the left hemispace (as seen in line bisection tasks: 
Bowers & Heilman, 1980; or line cancellation tasks: Vingiano, 1991; and visuo-spatial tasks, 
Makin, Wilf, Schwartz, & Zohary, 2010; as well as other left-right representational or 
attentional differences (e.g., in mental imagery, McGeorge, Beschin, Colnaghi, Rusconi & 
Sala, 2007). It is possible our finding of left-to-right modulation of multisensory integration 
is consistent with greater attention to visuo-proprioceptive stimuli occurring in the left versus 
right hemispace. That is, the spatial effect we reported could be explained by a left hemispace 
bias (i.e. an ‘external space account’). This means it is impossible to conclude at this stage 
whether the modulation of drift we report is due to proximity of the hand to its habitual action 
space (i.e. a ‘body-space’ account). 
Experiment Two 
To address this issue, in Experiment Two we replicated Experiment One (left-hand induction) 
with the addition of a mirror image condition (right-hand induction). We predicted distinct 
linear patterns of drift for the two-hand induction conditions i.e. maximal drift when the hand 
was at the shoulder of origin (modelled in Figure 1C). This would contradict an external-
space hypothesis, in which there would be a left to right linear drift effect for both hand 
induction conditions (Figure 1D). 
EXPERIMENT TWO. 
Methods 
Design 
We used a mixed design with repeated-measures factors: Hand Position (four levels: 
described below) and Time (two levels: pre- and post-illusion). Induction-side (i.e. hand used 
for the RHI) was varied between groups, factor Group: (two levels: left-hand induction, right-
hand induction). 
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Participants 
Sixty-six students from the University of Queensland with normal (or corrected to normal) 
vision participated in the experiment for course credit, all giving informed consent (all 
procedures certified for ethical approval, as per Experiment One). There were 36 in the left-
hand induction group and 30 in the right-hand group. The left-hand group consisted of 17 
males and 19 females (mean age = 18.5 years, SEM = 0.26; 19 right handed, 16 left handed, 
and one ambidextrous as assessed by the Edinburgh Handedness Inventory (EHI) (Oldfield, 
1971)). The right-hand induction group consisted of 12 males and 18 females (mean age = 
19.2, SEM = .49; 17 right-handed and 13 left-handed. Demographics were matched across 
the two groups, and independent-samples t-tests revealed there were no differences between 
gender distribution, age or EHI score between groups (.239 < p > .899). 
Real hand/hand image positions 
The positions of the hand with respect to the body remained the same in Experiment Two – 
though in the right hand induction group these were the mirror image of those used in the left 
hand group. From left to right, the positions for the left hand group were: OLS, ILS, M and 
IRS (‘Outside’ and ‘Inside Left Shoulder’, ‘Midline’ and ‘Inside Right Shoulder’). From right 
to left, the positions for the right hand group were: ORS, IRS, M and ILS (‘Outside’ and 
‘Inside Right Shoulder’, ‘Midline’ and ‘Inside Left Shoulder’). 
As with Experiment One, participants had their head fixed in a chin-rest at position M. This 
allowed one hand position either side of the shoulder of origin (i.e. OLS and ILS in the left-
hand group, ORS and IRS in the right-hand group). It also allowed one position at the midline 
(both condition M) and one inside the opposite shoulder (ORS in the left-hand group, OLS in 
the right) (see Figure 4 below). 
Stimuli & procedure 
Exact replication of Experiment One, see methods section above. 
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Analyses 
As previously, we ensured there was a significant difference between pre- and post-illusion 
judgements (results in Supplementary Section One, section C) before creating the difference 
scores used for our main comparisons. 
A series of mixed ANOVAs with contrasts analysis were used. This was to determine, first, if 
there was a significant difference in the linear spatial pattern of drift between the two groups, 
and second, separate contrasts analyses were used to determine the precise nature of the 
linear effects and the direction (i.e. left to right or right to left). For brevity and following the 
results of Experiment One, this was only conducted on the four actual hand conditions.  
 
Results 
Spatial drift effects differ across induction groups 
A 2 x 4 mixed ANOVA with factors Group (two levels: left-hand induction, right-hand 
induction) and Hand Position (four levels: OLS, ILS, M and IRS for the left-hand group and 
ORS, IRS, M and OLS in the right-hand group) was conducted to determine if spatial effects 
varied across groups. As predicted, this indicated a significant interaction of Group x Hand 
Position, F(1,64) = 9.73, p = .003, η2p = .13. The main effects of Group and Hand Position 
were not significant, F(1,64) = 0.29, p = .591, η2p = 0.01 and F(1,64) = 0.07, p = .792, η
2
p = 
.01, respectively. These are not interpreted due to the presence of the significant interaction 
(for full statistics see Table 2 below).
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Table 2. Data for Experiment Two: Pre- and post-illusion hand position estimations (mean & SEM) and calculation of drift magnitude (drift) 
from these values (absolute value of the post-illusion score minus pre-). This is presented for the six raw conditions (A), actual hand conditions 
(B) and hand image conditions (C). See images for a visual representation of the real hand and hand image positions, as well as the direction of 
illusion in each condition. Visual representations are presented for the left-hand group induction only, right-hand induction forms a mirror 
image of these positions. Data for the left-hand group are presented on the left, right-hand group values on the right. Condition codes represent 
the position of the hand with respect to the shoulder of origin (i.e. also the hand upon which the illusion was induced): OLS/ORS – Outside 
Left/Right Shoulder respectively, ILS/IRS – Inside Left/Right Shoulder respectively, M – Midline. 
A. Raw conditions 
Left-hand illusion Right-hand illusion 
Condition Visual 
representation 
(for left-hand 
induction, mirror 
reversed for right-
hand induction) 
Pre-illusion Post-illusion Drift Condition Pre-illusion Post-illusion Drift 
OLS-ILS 
 
1.94 
(0.38) 
5.78 
(0.46) 
3.83 
(0.31) 
ORS-IRS 2.46 
(0.48) 
5.44 
(0.51) 
2.98 
(0.30) 
ILS-OLS 
 
-0.79 
(0.45) 
-5.07 
(0.55) 
4.28 
(0.38) 
IRS-ORS 0.51 
(0.40) 
-2.75 
(0.76) 
3.25 
(0.58) 
ILS-M 
 
0.81 
(0.37) 
4.46 
(0.51) 
3.65 
(0.43) 
IRS-M 1.00 
(0.40) 
4.08 
(0.48) 
3.08 
(0.38) 
M-ILS 
 
-1.29 
(0.37) 
-4.94 
(0.59) 
3.65 
(0.44) 
M-IRS -1.52 
(0.41) 
-4.92 
(0.59) 
3.40 
(0.46) 
M-IRS 
 
-0.79 
(0.38) 
2.83 
(0.58) 
3.63 
(0.41) 
M-ILS -0.10 
(0.42) 
3.80 
(0.55) 
3.90 
(0.42) 
IRS-M 
 
-3.40 
(0.55) 
-6.31 
(0.54) 
2.90 
(0.38) 
ILS-M -2.71 
(0.47) 
-6.40 
(0.52) 
3.70 
(0.36) 
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To explore the significant interaction, once again two separate repeated-measures ANOVAs 
were conducted comparing within each induction group. For the left-hand induction group, 
there was a significant linear main effect of Hand Position, F(1,35) = 4.67, p = .037, η2p = 
.12. For the right-hand group, the linear main effect of Hand Position was also significant, 
F(1,29) = 6.39, p = .017, η2p = 18. Mean values indicated that these two spatial effects were 
in the opposite directions for the two groups. For the left hand induction group, there was 
greatest drift in the left-most condition (OLS), decreasing to the right, with minimum drift at 
IRS. Conversely, in the right hand induction group greatest drift was found in the right most 
condition (ORS), with drift decreasing to the left, reaching a minimum at ILS. 
 
Figure 4. Drift magnitude scores for the left and right-hand illusion induction groups (left 
and right panels respectively) at the four actual hand position conditions. ** indicates 
statistical significant of the comparison at alpha = .01, ** indicates significance at alpha = 
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.05. Condition codes represent the position of the hand with respect to the shoulder of origin 
(i.e. also the hand upon which the illusion was induced): OLS/ORS – Outside Left/Right 
Shoulder respectively, ILS/IRS – Inside Left/Right Shoulder respectively, M – Midline. A 
significant difference was seen in the distributions of drift magnitude for the two groups, with 
maximal drift at the shoulder of origin (i.e. the habitual action space). These results, 
therefore, support the body space explanation of drift magnitude differences and rebutting 
the alternative ‘external space’ hypothesis (left to right hemispace bias). 
Experiment Two – Discussion 
In Experiment Two, we asked whether the results of Experiment One truly reflect a 
modulation of multisensory integration in the habitual action space of the arm (body-space 
explanation). To support this claim we wished to provide evidence against a general 
attentional explanation. According an attentional account, the modulation of drift seen in 
Experiment One could simply be the result of the normal human bias towards the left 
hemispace (external space explanation) (Bowers & Heilman, 1980; McGeorge et al., 2007; 
Vingiano, 1991). To distinguish between these accounts, we compared the effect of the 
induction across left-hand and right-hand induction groups. We predicted distinct patterns of 
drift whereby drift was maximal at the shoulder of the hand of origin for both groups (see 
Figure 1C). That is, maximal drift with proximity of the hand to the habitual action space. 
This would rule out the external space prediction, under which maximal drift would be 
predicted on the left side of space regardless of the hand used for induction, and therefore, the 
location of the habitual action space (see Figure 1D). 
Supporting the action space hypothesis, in the left-hand group, drift was greatest for the left-
most positions (i.e. near the left shoulder), decreasing towards the right – replicating 
Experiment One. In the right-hand group, drift was greatest at the right-most positions (near 
the right shoulder), decreasing towards the left. Our results, therefore, suggest that within 
peripersonal space there is a modulation of sensory processing as a result of habitual 
functional interactions within a spatial location. Enhanced visuo-somatosensory integration in 
the action space likely results from the large number of habitual hand-eye coordinated 
movements that occur within this space (Howard et al., 2009) and serves to allow high 
dexterity and precision in the area of space within which action occurs most regularly. 
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Following this suggestion, several lines of research suggest that it is the functional properties 
of space that dictate perception and multisensory integration within these areas. For example, 
extending space by use of a tool (Bassolino et al., 2010; Canzoneri et al., 2013; Farnè et al., 
2005; Holmes et al., 2007) leads to multisensory interactions around the functional tool end 
similar to those occurring around the hand. The boundary between extra- and peripersonal 
space is dynamic. That is, there is an extension of peripersonal space to an area that would 
once have been considered to be outside peripersonal space due to the possibility for 
functional interactions within the space (reviewed in Brockmole et al., 2013). Interestingly, 
the presence of another individual in extrapersonal space with whom the individual is 
engaged in cooperative interaction also extends the border of multisensory peripersonal space 
towards that individual (Teneggi et al., 2013) – demonstrating flexibility in this border can 
also occur through social factors. The behavioural demonstration of flexible peripersonal 
space fits with studies suggesting flexible receptive field properties documented in bimodal 
neurons (Iriki, Tanaka, & Iwamura, 1996; though see comments in Holmes and Spence, 
2004). In sum, these suggest that the functional properties of space (as well as the need for 
rapid self-defence within this space, see Cooke & Graziano, 2003) strongly influence the 
integration of inputs therein i.e. enhanced integration in reachable space vs. beyond. We 
extend this to propose that high frequency sampling of one area of space also strongly 
influences the integration of inputs in this area. Finally, these functional explanations of 
space also fit with electrophysiological work which suggest various brain circuits that encode 
space also play a role in the programming of motor activity (i.e. ‘spatial pragmatic maps’, see 
review in Rizzolatti, Riggo & Sheliga, 1994). 
Limitations 
As outlined in the methods section (see section ‘Real hand/hand image positions’) the 
experiments consists of two repetitions of the six raw conditions. Due to constraints of the 
experimental apparatus (the width of the computer screen) and anatomy (hand positions 
beyond the outermost location OLS and ORS being uncomfortable to hold) we were unable 
to include two conditions that shift felt position away from these outermost hand positions. 
Thus, when combining the raw conditions into the four hand position means, the outer 
conditions contained one raw condition mean each, where the inner positions contained two 
conditions collapsed. This creates unequal trial numbers, with twice the number of trials in 
the inner two actual hand position conditions compared to the outermost conditions. This 
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might have slightly improved the reliability of the middle position means. Given the standard 
error of the mean appears to be quite similar for all position conditions (see Tables 1 & 2), 
however, we do not believe this significantly compromised the results we document here 
(also see Supplementary Section Two for results suggesting that variance does not appear 
affect drift distribution). 
Conclusions 
In the current study we show that not only can multisensory integration vary as a function of 
distance from the body or a body part, but that experience can shape this integration process. 
Through consistent patterns of functional interaction with space, the hand samples a 
particular location of the possible action space more frequently than other locations i.e. the 
habitual action space. This pattern of repetitive action is reflected in the function of our 
perceptual systems, leading to greater integration of multisensory inputs in this location. The 
current study extends our knowledge regarding the dynamic nature of the boundaries of 
multisensory integration regions. This novel demonstration of the inherent link between 
action and perception suggests that this relationship may be more subtle and complex than 
originally anticipated.  
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EXPERIMENT ONE 
Section A. Static position estimation errors occur in a limb-centric reference frame 
We predicted that there would be significant variation in static position estimation error 
across the four hand positions. This was important, as this would therefore require correction 
by use of a pre- vs. post-illusion measure of drift to account for such errors. A one-way 
ANOVA revealed a significant linear main effect of Hand Position, F(1, 21) = 27.56, p < 
.001, η2p = .57. 
To determine the direction and significance of error at the four hand positions, the mean error 
score [for each hand position individually] was compared with zero using Bonferroni 
corrected one-sample t-tests. Mean localisation error at baseline was non-significant when the 
hand was at OLS (‘Outside Left Shoulder’: M = .33, SEM = .57) and ILS (‘Inside Left 
Shoulder’: M = -.33, SEM = .36) (p > .05). Mean error was significant at positions M 
(‘Midline’: M = -1.81, SEM = .39) and IRS (‘Inside Right Shoulder’: M = -3.62, SEM = .41; 
both p < .001). Given the negative sign of error values at positions three and four, this 
indicated estimated hand position was to the right of the actual position, reflecting a deviation 
of felt position towards the shoulder. 
Paired sample t-tests with Bonferroni corrections were used to compare localisation error at 
each hand position directly. The outcome of the t-tests demonstrated localisation error was 
significantly different between all possible pairings of hand positions (p < .001) except 
between positions OLS and ILS (p = .960). This pattern supports the findings of the one-
sample t-tests above, demonstrating error towards the shoulder was greatest for the hand 
position furthest from the shoulder (IRS) and error magnitude decreased as hand position 
moved closer to the shoulder (OLS). That is, leftward error at position IRS was greater than 
at M, at M greater than at ILS and OLS (which had similar, i.e. non-significant error) (see 
Figure Supp1, panel A). 
Supplementary Section One – Additional results and analyses not included in the main 
text body, Part I 
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Figure Supp1. Visual representation of change in position estimation between baseline, pre- 
and post-illusion estimates (i.e. proprioceptive drift) for the six raw conditions. Points on the 
graph represent mean error. Error bars represent the standard error of the mean (SEM). The 
illusion was induced between adjacent hand positions only to maintain the relative 
separation, e.g., actual hand at position one and hand image at position two, etc. Post-
illusion hand position estimation (panel C) was shifted significantly in the direction of the 
hand image compared to pre-illusion (panel B) for all six raw conditions – demonstrating 
successful induction of the illusion, as predicted. There was no change between baseline 
(panel A) and pre-illusion (panel B) estimations. 
Hand position estimates from the baseline block were compared with the pre-illusion (trial-
by-trial ‘baseline’) estimates from the experimental block. Paired t-tests revealed there was 
no difference in position estimation at any of the four positions between the baseline and 
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experimental block (.256 < p > 1.00) (see Figure Supp1, panel B). This suggests there was no 
evidence of proprioceptive drift over the duration of the experiment, while the hands were 
under prolonged visual occlusion (Wann & Ibrahim, 1992). 
Section B. Illusion induction causes a significant shift from the actual hand position 
towards the hand image position in all conditions 
Repeated measures analysis of variance (ANOVA) with follow-up Bonferroni corrected 
repeated-measures t-tests were used to determine if there was a significant change in hand 
localisation from pre to post-illusion induction in all six raw conditions. This was to ensure 
significant illusion effect had been created in all conditions. A Greenhouse Geisser correction 
was used for sphericity violations. 
A 6 x 2 repeated-measures ANOVA was conducted with the factors Raw Condition (six 
levels: conditions OLS-ILS, ILS-OLS, ILS-M, M-ILS, IRS-M) and Time (two levels: pre-
illusion, post-illusion). The main effect of Raw Condition was not significant, F(1, 21) = , p = 
.504, η2p = .02. A significant main effect of Time was found, however, F(2, 46) = , p < .001, 
η2p = .74, as well as a significant interaction of Raw Condition x Time, F(2, 38) = 60.65, p < 
.001, η2p = .743. 
Given the significant interaction, the main effects were not interpreted, but follow-up t-tests 
were performed to determine the nature of the interaction. Pre-illusion error was found to be 
significantly different to post-illusion error for all six conditions (all p < .001). This indicated 
a successful induction of the illusion i.e. significant drift magnitude, in all six raw conditions. 
Drift always occurred towards the hand image (i.e. to the right (indicated by a positive value) 
for conditions OLS-ILS, ILS-M and M-IRS and to the left (negative value) for conditions 
ILS-OLS, M-ILS and IRS-M) (see Figure Supp1, panel C). Error in opposite directions in 
half the conditions was the source of the interaction effect described above. Following 
validation of the illusion induction, the difference scores were created by subtracting post-
error from pre- and taking the absolute value (see main text Table 1 for details). 
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EXPERIMENT TWO 
Section C. Significant drift created in all conditions of all groups 
For both the left- and right-hand induction groups the 2 x 6 repeated-measures ANOVA 
(factors, Time (two levels: pre-, post-illusion) and Raw Condition (six levels: raw conditions 
OLS-ILS, ILS-OLS, ILS-M, M-ILS, IRS-M) revealed there was a significant interaction of 
Time and Raw Condition, both p < .001 (see Table Supp1 below for full statistical details). 
Table Supp1. Full details of all statistical tests to check for significant illusion induction 
separately for the left and right hand illusion induction conditions. 
Left-hand illusion induction Right-hand illusion induction 
Time F(1,35) = 0.08, p = .774, η2p = .01 F(1,29) = 0.68, p = .684, η
2
p = .01 
Condition F(3, 97) = 160.70, p < .001, η2p = .82 F(3,94) = 94.37, p < .001, η
2
p = .77 
Time x Condition F(2, 66) = 104.10, p < .001, η2p = .75 F(3,81) = 5.04, p < .001, η
2
p  = .72 
Follow-up Bonferroni corrected t-tests revealed that in all conditions of both groups, post-
illusion position estimation was significantly shifted in the direction of the hand image 
compared to pre-illusion estimation (all p < .001). These drift scores were converted from 
their raw form to absolute value and were used for the remaining comparisons (see main text 
Table 2 for mean and SEM values). 
EXPERIMENTS ONE AND TWO 
Section D. Baseline error does not cause the spatial modulation of drift 
Given that, as predicted, in Experiment One we found significant differences in the accuracy 
of position estimation at the four actual hand positions (results presented above) we wished to 
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further ensure that these baseline biases were not causing the spatial effect we present here. 
The concern is, for example, that the greatest baseline error is found at hand position OLS for 
the left hand, which is also where the minimal drift is found. With the converse being true for 
position IRS. We anticipated that these differences should not affect our measures of drift – 
as the pre-illusion error is subtracted from the post- illusion error, to give a drift score that 
represents felt position change alone (for more details see methods). However, to investigate 
the possibility we conducted an analysis of drift using just the four raw conditions from hand 
positions M and IRS. This allowed us to compare two sets of positions that caused drift 
towards vs. away from the habitual action space, but had matching baseline error: raw 
conditions ILS-OLS and ILS-M have the same error, and raw conditions M-ILS and M-IRS 
also have the same error, as the hand is in the same actual hand position in both. If biases at 
baseline are the only cause of our spatial effect we should see the same drift values for raw 
conditions with the same hand position (and therefore, same baseline values). This would 
mean we would be unable to find a linear function fitting to the results consistent with an 
action space prediction (modelled in Figure Supp2A below). In contrast, this would result in a 
stepwise function (modelled in Figure Supp2B below). 
Figure Supp2. Panel A depicts the function that would be expected according to a baseline 
error account of drift modulation – where there is equivalent drift for both conditions from 
the same hand position, creating a stepwise function. Panel B depicts the results following a 
habitual action space account (as consistent with the central thesis of the experiment) – here 
there is a significant linear function fitting to the data, with maximal drift for the positions 
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closest to the action space, decreasing in a left to right direction. Panel C represents the 
actual data (pooled from Experiments One and Two, n=88). The data support the action 
space account, demonstrating a significant left to right linear function. 
To give the most complete picture of the data and maximise power, we combined the data 
from Experiments One and Two to give a pooled sample of n = 88 (note: the data for the right 
hand illusion intervention was spatially inverted so it was congruent with the other two 
interventions). We conducted a repeated-measures ANOVA with one factor, Raw Condition 
(four levels: raw conditions ILS-OLS, ILS-M, M-ILS, M-IRS). This revealed a significant 
linear effect of Raw Condition, F(1, 87) = 4.99, p = .028, η2p = .05. The direction of this 
effect was consistent with the results of Experiments One and Two, the maximal drift was 
seen for raw condition ILS-OLS and minimal for M-IRS (see Figure Supp2C). We, therefore, 
are still able to demonstrate a linear effect of drift magnitude for four conditions, two of 
which share the same baseline error. The data does not follow the stepwise pattern that would 
be expected according to a baseline bias account of drift. Therefore, this test supports our 
hypothesis of the modulation of drift by proximity to action space, and argues against a 
baseline error account. 
Additional analyses regarding the baseline error hypothesis of drift magnitude 
Next we looked at individual differences in baseline error to see if this could shed further 
light on whether baseline error contributes to drift effects. A visual binning analysis was used 
to split the participants (in the collated group of n=88) into those experiencing high- and low-
levels of baseline error. A repeated measures t-test demonstrated there was indeed a 
significant difference in error between the high (M = 1.15, SEM = .13) and low (M = -1.70, 
SEM = .17) groups, t(85) = -12.30, p < .001. A second repeated measures t-test demonstrated 
that there was no difference in the amount of drift between these the high (M = 3.34, SEM = 
1.61) and low (M = 3.84, SEM = 1.81) groups, t(86) = 1.33, p = .185. Similarly, there was no 
correlation between the average baseline error and the total average drift, R = -0.054, p = 
.619. Therefore, it appears there is no relationship between the amount of baseline error and 
the effectiveness of the illusion in creating drift. While this does not directly answer the 
question of whether baseline error at the different hand positions affects the amount of drift, it 
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does suggest there is little relationship between baseline error and illusion outcomes between 
subjects. 
As a final test, I repeated the central comparison of the main text while covarying out 
baseline error: a repeated measures ANCOVA with linear contrasts and factors Raw 
Condition (six levels: condition OLS-ILS, ILS-OLS, ILS-M, M-ILS, M-IRS, IRS-M) and 
covariate Average Baseline Error (mean baseline error across the four hand positions) was 
conducted. As without the covariate, this revealed a significant linear effect of Raw 
Condition, F(1,86) = 11.33, p = .001, η2p = .12. No other function fit significantly to the data 
(.325 < p > .812). The similarity of this analysis and the analysis without the covariate was 
due to the lack of a significant main effect of the covariate (p = .619) or interaction with Raw 
Condition (p = .613). This suggested the covariate Average Baseline Error had no significant 
effect on the drift data distribution. This was the same for the four actual hand positions, 
F(1,86) = 13.01, p = .001, η2p = .13. In sum, there was no evidence that accounting for the 
variance due to baseline error changed the distribution of drift. 
Conclusions 
Overall, considering the results of the various analyses, there did not appear to be any 
evidence that baseline error was causing the drift effect we describe here. Given the overall 
pattern and the significant linear effect we find using just the four raw conditions from 
positions ILS and M (in the first analysis), we believe our results do support an increase of 
drift in the habitual action space of the arm and argue against a baseline error explanation. 
Given, however, these two factors cannot be fully detangled by the current experiment this 
question does require further investigation in future studies. 
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Supplementary Section Two – Additional results and analyses not included in the main 
text body, Part II 
EXPERIMENT ONE AND TWO 
Analysis of variance versus drift distribution 
As discussed in the main text, the integration of visual and somatosensory information occurs 
as a function of the reliability of the inputs (that is, the quality of sensory information) (Ernst 
& Banks, 2002; Ernst & Bülthoff, 2004). Given this, we wished to determine how the 
reliability of judgements varied for our four actual hand positions to ensure the spatial 
modulations we report are due to proximity to the action space and not to alterations in 
variance alone. To increase power, as in Supplementary Section One, we pooled drift scores 
across Experiments One and Two (spatially flipping the right hand induction values so they 
matched the two left hand induction groups). This gave us a pool of n = 88 values. As a proxy 
measure to analyse variance, we subtracted the mean scores of each cell in the dataset from 
the mean score for that condition (separately for each group). We then took the absolute 
values of these scores, giving us a measure of deviation of each cell from the condition mean 
(described in the formula below).  
Variance measure = | Mcell – Mgroup&condition | 
We wished to analyse the distribution of these variance scores for the four actual hand 
positions, and compare this with the distribution of drift scores at the same positions. This 
would allow us to determine if they followed the same distribution. If the two distributions 
did indeed follow the same pattern, this would suggest that our results could be explained by 
changes in reliability of the sensory percepts alone, and would undermine an action space 
explanation. 
Subsequently, we conducted a 4 x 2 repeated measures ANOVA with factors: Hand Position 
(four levels: hand positions OLS, ILS, M, IRS) and Measure (two levels: drift magnitude, 
variance measure). This returned a significant main effect of Hand Position, F(3,234) = 7.49, 
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p < .000, η2p = .08, a significant main effect of Measure, F(1,87) = 100.65, p < .000, η
2
p = 
.57, and a significant interaction of Hand Position and Measure, F(3,240) = 4.56, p = .004, η2p 
=. 05. This demonstrated that there was a difference in the distributions of drift magnitude 
and variance over the hand position conditions. 
Following this, we then conducted two separate repeated measures ANOVAs with the factor 
Hand Position (four levels: OLS, ILS, M, IRS) to determine the nature of these two 
distributions. As expected (consistent with the results of Experiments One and Two alone), 
the combined scores revealed a significant linear function of drift for Hand Position, F(1,87) 
=14.61, p < .001, η2p = . 15. No other kinds of functions had a significant fit to the drift data 
(quadratic: p = .221; cubic: p = .601). Mauchley’s test of sphericity produced a significant 
outcome (W(5) = .858, p = .022), indicating there was inhomogeneity in the variance of drift 
values the four hand position conditions. We then carried out an analysis of the distribution of 
the variance measure scores alone to determine the nature of this change in variance between 
conditions. 
For the variance scores of the four hand conditions we found a significant quadratic function 
fitting to the Hand Position data, F(1,87) = 12.34, p = .001, η2p = .14. No other function had a 
significant fit to the data (linear: p = .776; cubic: p = .113). Figure Supp3 below reveals the 
nature of this function – maximal variance is found when the hand was in front of the head 
(position M, ‘Midline’) and minimal variance when the hand was closest to the left and right 
shoulder positions (positions OLS ‘Outside Left Shoulder’ and IRS ‘Inside Right Shoulder’ 
respectively). Drift magnitude has been plotted on the same Figure for ease of comparison. 
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Figure Supp3. Drift magnitude and variance values as a function of hand position. Results 
show the combined means of Experiments One and Two (n=88). Distributions for these two 
measures show significantly different distributions over space – a significant left to right 
linear function exists for drift scores (with maximal drift for hand positions at the left 
shoulder, i.e. position OLS), consistent with an action space interpretation. On the contrary, 
variance values show a significant quadratic function (with maximal variance when the hand 
is positioned near the head/midline, position M). The distinction in these function shapes 
suggests alterations in variance (i.e. the reliability of sensory stimuli) are not the cause of the 
spatial modulation of multisensory integration we identify here. 
This analysis was replicated with the six raw conditions for drift and the variance measure, 
and the results were identical to those presented for the four actual hand position conditions 
(and are thus, not reported here). 
Therefore, it is evident that while variance does alter significantly across the four hand 
positions, its distribution is not consistent with the distribution of drift magnitude scores – 
therefore, it does not appear likely that changes in the reliability of sensory percepts altered 
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the integration of the visuo-somatosensory information to cause the spatial effects we report 
in the main text. The pattern of variance scores generally match previous research and the 
results presented in Supplementary Section One section A, that suggest that position 
estimation is more precise for hand positions close to the shoulder than positions further away 
(Haggard et al., 2000; van Beers et al., 1998). However, the finding that for the variance 
measure, variance appears to be lowest for positions closest to either shoulder, i.e. not only 
the shoulder of origin, is somewhat unexpected and therefore merits investigation by future 
research. 
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Introduction to Chapter Four: Experiment Three – The dissociation between subjective 
and behavioural outcomes of the RHI 
In the previous chapter I describe an experiment that investigates whether patterns sensory 
input affect the integration of proprioceptive and visual information, as reflected in drift. 
Following on from this, I wished to exploit this method for drift modulation  to investigate 
another question regarding the multisensory mechanisms supporting self-representation. I 
wanted to determine whether hand localisation (supporting drift) can be dissociated from the 
subjective, psychological experience of self-representation. Both factors have found to be 
correlated (Botvinick & Cohen, 1998; Longo et al., 2008; Lopez et al., 2010) and both are 
rooted in processes of multisensory integration (Rohde et al., 2011; Tsakiris, 2010). But are 
they, in fact, related processes that are supported by associated but distinct mechanisms of 
multisensory integration? 
This question is particularly interesting given the conflicting hypotheses regarding the cause 
of drift in the RHI. As described in the introduction, Botvinck and Cohen (1998) suggested 
that intermodal matching between what is felt on the own hand and what is seen on the 
rubber hand causes subjective ownership of the spatially displaced rubber hand. They then 
suggest that this subjective change causes the integration of visual and proprioceptive 
information. That is, they propose this process of bodily ownership causes a three-way 
interaction of touch, vision and proprioception. 
Evidence contradicting this original model, however, is beginning to accumulate. Rohde and 
colleagues (2011) found greater drift in an RHI paradigm without intermodal matching (i.e. 
drift to vision of a hand alone) compared to with intermodal matching. Following this they 
proposed a new model of drift as simple spatial ‘visuo-proprioceptive recalibration’. In the 
same experiment, they also found non-significant levels of ownership over the rubber hand in 
the vision-only condition. This lead them to suggest that while subjective RHI outcomes 
might be related to proprioceptive drift (as seen by the correlation of subjective and drift 
outcomes in previous research, see above), these subjective changes do not appear to cause 
drift. The authors suggest that rather than intermodal matching causing drift, continuous 
exposure to asynchronous stimulation may prevent drift by providing evidence against the 
‘unity assumption’. The unity assumption refers to the process by which temporal matching is 
used to distinguish self from non-self objects (Tsakiris, 2010). This evidence against the unity 
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of visual and proprioceptive information, suggests they are unrelated inputs and therefore 
halts visuo-proprioceptive integration [see Kammers et al. (2008) for further debate regarding 
a causative role of asynchronous stimulation in drift outcomes]. 
Figure 7. Top panel, taken from Rohde et al. (2011): Participants were subjected to either 
one block of 120 seconds of RHI induction, or 10 x 12 second blocks of induction in a row. 
Following the 120-second induction, both synchronous stroking and vision only conditions 
produced greater drift than the asynchronous condition. The vision only condition appeared 
slightly higher than the asynchronous condition, though this was not significant. Following 
the 10 x 12 second induction there were no differences in the three conditions. This study 
brings into question the causal nature of intermodal matching (synchrony of stroking) in 
causing drift. Bottom panel, from Holle et al. (2011): Mean ownership scores (ranging from 
+3 to -3, strongly agree to strongly disagree respectively) and proprioceptive drift in 
centimetres in four conditions (R: right real/rubber hand; R180: right real/rubber hand, 
rubber hand turned to 180o; L180: real right hand/left rubber hand, turned to 180 o; L: left 
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real hand/rubber hand). Significant drift was seen in the R and R180 conditions, but no 
significant alterations in ownership, demonstrating dissociation of these two RHI outcomes. 
A visuo-proprioceptive recalibration explanation of drift is also supported by studies 
demonstrating visual biasing of hand position estimation during reach-to-target movements, 
without accompanying changes in ownership (Holmes et al., 2006). Consistently, various 
RHI studies have produced proprioceptive drift towards a rubber hand without changes in 
ownership (Holle et al., 2011; Rohde et al., 2011) [see Figure 7, bottom and top panels 
respectively]. Longo and colleagues (2008) found that even the subjective components of 
ownership and location were significant independent predictors of proprioceptive drift 
produced by the RHI, also supporting this dissociation. Additional evidence for different 
supportive mechanisms comes from studies that perform repetitive implementation of the 
RHI. This has been shown to increase drift magnitude over sessions, with a drop after a 
period of sleep, while ownership is maintained at a constant level (Honma et al., 2014). The 
dissociation of self-ownership and self-location is supported by various body image models 
that propose separate processes for using and perceiving our bodies (Longo et al., 2008; 
Makin et al., 2007). 
It may be, however, that intermodal matching does still play a role in the induction of 
subjective self-representation (Tsakiris, 2010). Fiorio and colleagues (2011) found that 
intermodal matching (IMM) had different effects on two groups. In a group of participants 
with focal dystonia of the hand, IMM in the RHI lead to subjective ownership over a rubber 
hand, but no proprioceptive drift. Both ownership and drift were found, however, in a control 
group following the same intervention. Subsequent to this dissociation, they suggest IMM has 
a different causal effect on subjective and behavioural illusion outcomes, reflecting distinct 
supportive neurocognitive mechanisms. Finally, Durgin and colleagues (2007) found 
subjective and drift RHI outcomes when inducing RHI with laser stroking i.e. no actual 
tactile stimulation, suggesting the role of intermodal matching might be more complex than 
originally conceptualised.  
In the final study of the current thesis, I wished to investigate the causative nature of the drift 
seen in the RHI. Can I provide evidence to demonstrate further evidence that drift is not 
caused by subjective illusion outcomes? To investigate this I conducted an experiment 
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(Chapter Four) where, in one condition, drift was explicitly manipulated by proximity of the 
hand to the habitual action space (RHI Out condition). This had been demonstrated in 
Chapter Three to have a significant modulatory effect on drift magnitude. I measured drift 
under this condition and a control condition that did not involve such a manipulation of drift 
(RHI In condition). I also measured subjective self-representation – specifically related to 
ownership and embodiment of the real and rubber hands following the illusion intervention. I 
predicted I would see an alteration of drift with no change in subjective illusion outcomes in 
the Out condition. This would reduce the natural correlation between subjective and drift 
outcomes seen in previous research, and predicted to exist in the In condition. These results 
would demonstrate these two outcomes of the RHI are dissociable, and therefore, that 
subjective changes are not causal in creating drift (as once thought). As such, this would 
allow a better understanding of self-representation through multisensory integration and shed 
light on the true meaning of drift as a marker of somatosensory integrative processes. 
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Chapter Four: Experiment Three – Manipulation of drift by proximity to action space 
reveals the dissociation between subjective and behavioural outcomes of the RHI 
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Abstract 
In the current study we look at whether subjective self-representation and self-
localisation are separable constructs, supported by distinct systems of multisensory 
integration. Here we used a modification of the rubber hand illusion (RHI) to 
investigate this question. Specifically, we applied a manipulation that was expected to 
alter self-localisation but not subjective outcomes of the RHI in order to demonstrate 
a dissociation between the two. The illusion was used to draw the felt position of the 
participant’s hand from its actual position in the habitual action space of the arm (i.e. 
when the hand is approximately aligned with the shoulder), towards extracorporeal 
space (Out Condition). This shift in felt position is referred to as ‘proprioceptive drift’ 
or simply ‘drift’. This manipulation was expected to increase the level of drift as 
compared to a control condition (In Condition) where the hand was not in the habitual 
action space (see the results of Chapter Three). Experiences of ownership and 
embodiment of the rubber hand (subjective outcomes) were assessed by a 
questionnaire. As predicted, we found significantly greater drift in the Out compared 
to the In Condition, but no change in subjective reports to the questionnaire. A 
positive correlation between drift and subjective outcomes was found in the In 
condition, consistent with previous research. This correlation was reduced, to the 
point of non-significance in the Out Condition. We propose in the Out condition, the 
explicit manipulation of drift meant the levels of drift and subjective RHI now varied 
independently – hence the null correlation. Our results suggest that subjective self-
representation and self-localisation are related, but separate constructs based in 
separate mechanisms of multisensory integration. 
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Processes of multisensory integration underlie the most fundamental aspects of self-
representation (Blanke, 2012; Blanke & Metzinger, 2009; Jeannerod, 2006). Indeed, it 
has been proposed that human bodily self-consciousness at its most basic, pre-
reflexive level results from the constant presence and integration of information from 
our multiple sensory systems (Gallagher, 2005; Tsakiris, 2010). Bodily self-
representation, however, is not as stable as it appears to the individual. Experimental 
perceptual illusions that disrupt body representation by manipulating multisensory 
inputs provide compelling evidence that, despite its perceived constancy, our 
representation of self can be easily and profoundly modified (Armel & 
Ramachandran, 2003; Botvinick & Cohen, 1998; Ehrsson, 2007; Ehrsson, Spence, & 
Passingham, 2004; Lenggenhager, Tadi, Metzinger, & Blanke, 2007). These findings 
highlight one of the most important topics in psychology and neuroscience today, the 
extent of human neural plasticity in immediate response to experience. 
1.1. Experimental manipulation of self-representation: The rubber hand illusion 
The rubber hand illusion (RHI) is a widely employed paradigm that demonstrates how 
perception of the body can be manipulated through the presentation of incongruous 
visual and somatosensory inputs administered to the hands (Botvinick & Cohen, 
1998). Typically, in this illusion a participant’s hand is concealed from view and 
replaced with a rubber prosthesis. The prosthesis is placed in the approximate position 
and angle of the participant’s concealed limb, while introducing a slight spatial 
deviation between the two (with the rubber hand closer in towards the body midline 
than the real hand). The participant’s own hand and the rubber hand then receive 
identical tactile stimulation (RHI induction), usually in the form of stroking with a 
paintbrush – precisely synchronising the timing and location of strokes. This creates a 
match between what is seen on the rubber hand and what is felt on the participant’s 
hidden hand. 
During the RHI, there are a number of effects on self-representation. These effects 
can be divided into the general categories of subjective (Botvinick & Cohen, 1998; 
Costantini & Haggard, 2007; Ehrsson, Holmes, & Passingham, 2005; Tsakiris, Hesse, 
Boy, Haggard, & Fink, 2007), self-localisation/position sense (Botvinick & Cohen, 
1998; Holle, McLatchie, Maurer, & Ward, 2011; Rohde, Di Luca, & Ernst, 2011) and 
physiological outcomes (Barnsley et al., 2011; Moseley et al., 2008). The subjective 
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effects of the illusion refer to general alterations in the psychological, bodily 
experience of an individual, i.e. changes in how their body and their body parts feel. 
These subjective outcomes are thought to reflect the experience of incorporating the 
rubber hand into the participant’s own body representation as well as rejection of their 
actual hand (Botvinick & Cohen, 1998; Ehrsson et al., 2004; Tsakiris, 2010). These 
outcomes are generally assessed using a questionnaire or verbal report. 
The RHI also produces changes in the position sense of the targeted body part. That 
is, the perceived location of the participant’s hand is shifted from the actual hand 
location towards the location of the rubber hand. There are a number of methods for 
assessing this change in position sense. Typically, participants are asked to estimate 
the position of their hidden hand before and after RHI induction and the systematic 
error caused by the illusion is measured. This can be achieved through verbal report 
of the perceived location or pointing with the unstimulated hand (i.e. behavioural 
measures). This change is often referred to as proprioceptive drift (hereafter ‘drift’). 
Various physiological changes have been identified following RHI, including 
alterations in temperature (Moseley et al., 2008), immune function (Barnsley et al., 
2011) and galvanic skin response (Armel & Ramachandran, 2003) in the stimulated 
hand compared to the control hand. These changes are thought to reflect the 
disruption of subjective ownership of that limb (Barnsley et al., 2011; Moseley et al., 
2008). 
1.2. New evidence suggests original models of RHI mechanisms may require 
reevaluation 
In the popular model put forward by Tsakiris (2010), induction of the RHI produces 
changes in subjective self-representation that, in turn, produce drift. In this 
conceptualisation, subjective outcomes cause drift outcomes and therefore are 
considered a behavioural proxy. Contrary to this model, new behavioural evidence 
suggests that subjective and drift RHI outcomes are in fact dissociable. For example, a 
number of studies have demonstrated drift towards a rubber hand without associated 
increases in felt ownership over the rubber hand, when the participant’s hand is kept 
still (Holle et al., 2011; Rohde et al., 2011) and when making point-to-target actions 
(Holmes, Snijders, & Spence, 2006). 
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Longo, Schüür, Kammers, Tsakiris, and Haggard (2008) conducted a large-scale 
qualitative analysis of first-person RHI experience. They found Location 
(representing change in position estimation of the hand) and Ownership scales to be 
significant independent predictors of drift levels, indicating that changes in position 
sense should be considered separately from subjective ownership of the rubber hand. 
Position sense and subjective self-representation have also shown to be distinct in 
their relationship with other aspects of perception (Longo et al., 2008). Longo et al. 
(2008) investigated the relationship of RHI outcomes to participant’s ratings of 
similarity in appearance between their hand and the rubber hand. Individuals who 
reported high levels of subjective illusion intensity on a questionnaire reported 
significantly greater similarity in appearance than those who experienced low 
subjective levels of illusion. Notably, when comparing objective measures of 
similarity (made by a double-blind observer), there were no actual appearance 
differences between the high and low subjective illusion groups. Given the objective 
similarity in appearance, and that the similarity judgements were collected following 
illusion induction, the authors concluded the effectiveness of the ownership 
manipulation caused the rubber hand to be perceived as more similar to the 
participant’s own hand – rather than the other way around. There was no such 
relationship with drift indicators of the illusion indicating shifting felt position did not 
change visual perception of the rubber hand in the same way. 
Neurophysiological evidence also indicates the existence of separate components of 
body representation that are supported by distinct neural systems. Kammers et al. 
(2008) administered rTMS over the inferior posterior parietal lobe (IPL) during RHI 
induction. They found significant reductions in immediate position judgements of 
limb position while subjective ownership over the rubber hand and ballistic action 
responses were unaffected. 
It now appears self-representation is not supported by one homogenous 
neurocognitive system, and that distinct systems support position estimation and 
subjective body-representations (Kammers, de Vignemont, Verhagen, & Dijkerman, 
2009; Kammers et al., 2008; Rohde et al., 2011). While the tight integration of all 
self-representation systems is critical to the production of a coherent, global ‘sense of 
self’, it appears these subsystems may be driven by different processes of 
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multisensory integration at disparate neural locations. In the current study, we wished 
to demonstrate this property of self-representation by revealing position sense and 
subjective self-representation can be experimentally dissociated through particular 
multisensory integration interventions. 
1.3. How can position of the hand within the arm’s workspace be used to alter drift 
but not subjective RHI – and what can this tell us? 
Traditionally, RHI experiments have been conducted with the participant’s real hand 
displaced laterally away from the body midline, with the rubber hand located 
medially, towards the body – often in line with the approximate shoulder position 
(Armel & Ramachandran, 2003; Asai & Tanno, 2007; Costantini & Haggard, 2007; 
Heed et al., 2011). From these experiments it is clear that drift can be produced 
towards the body. Additionally, it is clear that subjective embodied position can also 
be drawn in, towards the body. It has also been shown that under these conditions 
there is a correlation between the amount of drift and the amount of subjective RHI 
found across individuals (Botvinick & Cohen, 1998; Longo et al., 2008; Lopez et al., 
2010). 
Here we wish to determine whether if we explicitly manipulate drift by an 
intervention, whether this will disrupt the normally existing correlation between 
subjective and drift outcomes of the RHI. This will indicate that one outcome can be 
altered without affecting the other, suggesting they are dissociable and providing 
evidence that they are indeed supported by distinct multisensory mechanisms. 
In a previous experiment (presented in Chapter Three) we compared the level of 
multisensory integration of visual and somatosensory body position information when 
the hand was in various locations across the workspace of the arm. We were 
interested in determining whether the position of the participant’s actual hand with 
respect to the area of space within which the arm most commonly operates (hereafter 
the ‘habitual action space’ see Howard et al., 2009) would affect this integration 
process, and therefore, drift outcomes of the RHI. Importantly, we constrained the 
distance between the participant’s actual hand and the rubber hand to ensure the 
spatial distance between the two sensory inputs could not confound our measure. We 
found there was significantly greater integration, and therefore drift, when the hand 
! 171!
was positioned near the habitual action space. Drift decreased when the actual hand 
was further away from this location. 
Subsequently, in the current study we compared one condition where the participant’s 
actual hand was positioned directly at the shoulder of origin, within the centre of the 
habitual action space (Howard et al., 2009). In this condition, position estimation was 
shifted by the illusion from this location away from the body, towards extracorporeal 
space (Out condition). This was compared a control condition that shifted felt position 
in towards the body (In Condition), in line with previous research (Armel & 
Ramachandran, 2003; Asai & Tanno, 2007; Costantini & Haggard, 2007; Heed et al., 
2011). In this condition the position of the actual hand and false hand were swapped: 
the hand image was at the shoulder and the actual had was lateral to this position. 
Drift levels were directly compared between these two conditions. We predicted 
significantly greater drift in the Out Condition as compared to the In Condition 
because of the closer proximity of the actual hand to the habitual action space in the 
former, compared to the latter. 
We used a detailed, multi-scaled questionnaire (Longo et al., 2008) to allow us a more 
comprehensive picture of subjective RHI experience than that provided by traditional 
measures (Botvinick & Cohen, 1998). No difference was predicted between the Out 
and In Conditions for the subjective illusion scores. Change in drift but not subjective 
scores was expected to lead to a significant interaction of measure by condition when 
comparing groups directly. We also predicted that there would be a significant 
correlation between drift and subjective illusion in the In Condition, but that 
modulating drift in the Out Condition would reduce this normal correlation to the 
point of non-significance. 
Additional analysis of interest – does subjective illusion affect other aspects of 
perception? 
Previous findings suggest subjective embodiment (but not changes in position 
estimation) alters visual perception of the rubber hand (Longo, Schüür, Kammers, 
Tsakiris, & Haggard, 2009). In the light of such results, two measures of second-order 
perception were included in the current study. These were self-rated similarity in 
appearance between the real and rubber hand (as in Longo, Betti, Aglioti, & Haggard, 
2009), and a novel measure, the similarity in [felt] brushing seen on the rubber hand 
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and felt on the participant’s own hand. It was predicted that the modulation of drift in 
the Out Condition would mean this no longer covaried with these second order 
perceptual effects, known to be related to subjective illusion levels. Such a result 
would further support the modulation of subjective RHI outcomes between conditions 
as well as demonstrate, for the first time, the manipulation of tactile perception by the 
RHI induction. 
 
2. Methods 
2.1. Participants 
The sample consisted of 50 undergraduate students from The University of 
Queensland who completed the experiment for course credit. To avoid potential 
carry-over effects of the two directions of RHI manipulation, a between-groups 
design was used. There were 22 in the In Condition (11 male, 11 female) and 28 in 
the Out Condition (9 male, 19 female). Mean ages were 20 (Range: 17–27, SD = 2.4) 
and 21.50 (Range: 17–31; SD = 4.5) for the In and Out Conditions respectively. 
Participants were predominantly of Caucasian skin-tone (54%), with 34% Asian and 
the remainder (12%) of a darker skin-tone classification [Independent groups t-tests 
demonstrated there were no significant differences in skin tone between the In and 
Out groups, t(48) = -.305, p = .761]. 
Out of 50 participants, 45 were right-handed (EHI = 65.99, SE = 3.39) using the EHI 
classification of handedness (Oldfield, 1971). All had normal or corrected-to-normal 
vision. There were no significant differences in the distribution of gender, age, skin-
tone, handedness (EHI), medical issues (vision, hearing) between the In and Out 
Conditions. 
2.2. Apparatus 
The experiment was conducted on a specially constructed apparatus consisting of 
three equidistant shelves [see Fig. 1a below]. A LCD computer screen was fitted into 
the top shelf, facing downwards, for presentation of experimental stimuli onto a 
mirror below. Participants sat at the apparatus with their hands placed on the 
lowermost shelf. A black cloth placed over the participant’s shoulders prevented 
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visual information about the position of their arms. Looking into the mirror 
participants saw the hand images reflected at the same approximate position, depth 
plane and size as their own hands, creating a convincing impression they were 
looking down at their own hands. 
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Figure 1a. Schematic of experimental apparatus for RHI induction. (A) computer 
monitor, (B) mirror for reflection of hand image stimuli (presented on screen A) 
above, (C) cloth draped over subject’s shoulders to prevent visual information about 
arm/body position, and (D) computer tower. Figure 1b. Representation of the 
locations of the real hand and hand image [‘1’ and ‘2’]. In the RHI In Condition the 
subject’s hand was positioned at location ‘1’ and the hand image appeared on the 
computer screen at ‘2’ (8 cm apart) so the direction of illusory location change was 
in, towards the body. Positions were swapped in the Out Condition so the subject’s 
hand was at ‘2’ and the hand image appeared at ‘1 [as seen in 1b above]’. ‘3’ 
represents the location at which the ruler for hand position estimation appeared on 
the computer screen – one of a set of 15 rulers was randomly selected to appear in 
this position. 
2.3. Hand images: Appearance and positioning of participants’ hands with respect to 
hand image 
The hand image stimuli consisted of a left and right hand of Caucasian skin tone, 
medium size and indeterminate gender (i.e. nails were short, fingers were of 
intermediate width).  
Piloting work was used to select the positions for the actual hand and hand image. 
This piloting consisted of a group of participants being seated at the apparatus and the 
measurement of their dimensions (particularly shoulder width and positioning of the 
hands) with respect to the apparatus. Two positions were selected so as to match the 
bodily dimensions of the average participant. In the In condition, the participant’s 
hands were positioned 7 cm in from either edge of the computer screen and the hand 
images were 15 cm in. Positions were inverted in the Out Condition (participant’s 
hands at 15 cm, and hand image at 7 cm from the screen edge). Selection of these 
positions meant that in the Out Condition the participant’s actual hand was directly in 
front of the shoulder and the hand image was lateral to this position, further out 
towards extracorporeal space (and vice versa for the In Condition). 
As shown in Figure 1, participants were seated so their upper arms rested down by the 
sides of their trunk. Their forearms projected out, away from the body at a 90° angle – 
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lying flat along the bottom shelf of the apparatus (the experimental workspace). 
Distance between the real hand and the hand images (8 cm) [Fig. 1b] was kept 
constant so proprioceptive drift could be compared for relative position alone (as 
previous research has shown separation distance effects drift magnitude, Lloyd, 
2007). 
2.4. Measurement of change in position estimation: Proprioceptive drift magnitude 
Measurements of static hand position estimation were made using a digital image of a 
ruler displayed on-screen. Rather than presenting the same ruler repeatedly, one of a 
set of 15 rulers (starting point varied, e.g., ruler 1: spanning 1– 30 cm, ruler 2: 5–35 
cm) was randomly selected to appear on screen at each trial. The use of multiple 
rulers prevented participants learning or remembering the position of their finger on 
the ruler. 
The ruler was presented on-screen so their position and depth plane matched that of 
the tip of the participants’ finger middle finger [see Fig. 1b]. Subjects were asked to 
estimate the location of their hidden left middle finger by reporting the number on the 
ruler closest to its position. This was reported verbally and recorded by the 
experimenter to ensure participant’s hands could remain still, in position for the entire 
trial duration. 
Position judgements were taken before and after RHI induction at each of the nine 
trials. Pre-RHI error was subtracted from post-RHI error to give an absolute value of 
movement towards the hand image following induction. This score was labelled drift 
magnitude and represented the alteration in position sense estimation caused by the 
RHI. Positive scores represented movement of perceived position from the actual 
hand position towards the hand image, negative scores represented movement away. 
2.5. Assessment of subjective self-representation: The RHI Questionnaire (RHIQ) 
Longo et al. (2008) used a comprehensive qualitative analysis and principal 
components analysis to separate subjective RHI experience into five distinct 
subcomponents. These were Embodiment [subscales: Ownership, Location, Agency], 
collectively representing feelings that the object (rubber hand or own hand) is part of 
the self, and is owned and controlled by the individual. Loss of Own Hand gauges 
feelings that the participant’s own hand had ‘disappeared’ during the illusion. 
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Movement assesses sensations that the participant’s hand had shifted in space from its 
original location. Affect assesses whether participants felt the experience was positive 
or negative. Finally, the Sensation scale asks about the presence or absence of 
perceptual sensations resulting from the illusion such as pins and needles or numbness 
[see Footnote1 for an example item for each scale or Supplementary Materials, item A 
for the full 25 item questionnaire]. 
 
Footnote1 Sample questions for each of the five separate components of subjective 
self-representation as described by Longo et al. (2008). Embodiment: ‘‘It seemed like 
the hand image was part of my body’’ (Q3). Loss of Own Hand: ‘‘It seemed like my 
hand disappeared’’ (Q16). Movement: ‘‘It seemed like my hand was moving towards 
the hand image’’ (Q18). Affect: ‘‘I found the experience enjoyable’’ (Q20). 
Sensation: ‘‘I had the sensation of pins and needles in my hand’’ (Q22). 
 
This 25-item scale was employed (over the traditional seven-item Botvinick and 
Cohen (1998) scale) in order to comprehensively assess the complexity in first-person 
RHI experience. Question one, two and seven of the Longo et al. (2008) scale form 
the Ownership scale from the original Botvinick and Cohen (1998) questionnaire 
allowing direct comparability of our subjective results with previous studies that 
employ this scale. Interestingly, these three items typically are the only questions of 
the seven Botvinick and Cohen (1998) items to receive significant positive 
endorsement (Botvinick & Cohen, 1998; Rohde et al., 2011) suggesting the full-scale 
may be of limited usefulness. 
Participants respond on a seven-point Likert scale ranging from strongly disagree to 
strongly agree. This was later recoded to range from -3 to +3 in line with traditional 
RHI scoring practices. 
The questionnaire was employed on two separate trials directly following RHI 
induction. Position of these trials was randomised throughout the nine trials. A 
measurement of proprioceptive drift was taken following the questionnaires but not 
included in the general drift analysis. 
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2.6. RHI Induction procedure 
Participant’s hands were positioned by the experimenter at the beginning of each trial. 
The ruler was presented on the screen 2500ms after hand placement, at which time 
participants made their pre-RHI estimation of hand position. Both the real hand and 
the hand image were brushed in synchrony at approximately 1 Hz for a period of 90 s 
using a set of soft brushes [approximately .5 cm diameter] affixed to the apparatus to 
ensure pressure and contact of the brush remained constant over participants. At the 
finish of the RHI induction there was a 2500ms pause before the ruler was presented 
on the screen and participants made their post-RHI judgement. Between trials, 
participants were instructed to move their hand onto their lap. Inter-trial interval (ITI) 
was 90 s (to match RHI induction duration). 
Some RHI experiments include a condition of asynchronous stimulation where tactile 
stimulation is applied to both the real and rubber hand surfaces, but does not match. 
This is done to assess the effects of intermodal matching on RHI effects. The presence 
of drift in synchronous and absence in asynchronous conditions has been widely 
demonstrated by previous research (Botvinick & Cohen, 1998; Ehrsson et al., 2004; 
Ehrsson et al., 2005; Tsakiris & Haggard, 2005; Tsakiris et al., 2010). Indeed, some 
recent studies suggest that visuo-tactile stimulation is unnecessary for the production 
of proprioceptive drift, but rather, illusory hand information alone is required (Rohde 
et al., 2011). 
The purpose of the current study was not to investigate what arrests the experience of 
RHI, but how it manifests under certain conditions (In and Out from the body), 
meaning the comparison of synchronous and asynchronous conditions was not of 
direct relevance to the study’s aims. For this reason an asynchronous condition was 
not included in this study, rather we compared the effect of our direction manipulation 
on synchronous conditions alone (see Chapter Three for more discussion of the role of 
intermodal matching of visuo-tactile inputs in the RHI). 
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2.7. Experimenter and participant ratings of similarity in appearance and brushing 
Participant ratings 
At the completion of the experiment, participants were asked a series of questions 
regarding how similar they believed the rubber hand was in appearance to their own 
hand (similarity in appearance measure) and, secondly, how similar the brushing on 
their hand was to the brushing they saw on the hand on the screen (similarity in 
brushing measure). These ratings were made on a Likert scale from one to ten, with 
one representing ‘very dissimilar’ and ten ‘very similar’. 
Experimenter ratings 
Prior to experiment onset, the experimenter recorded the skin-tone of the participant 
on a trichotomous scale (1: fair – e.g., Caucasian, 2: mid-tone – e.g., Chinese, 
Japanese, 3: dark-tone – e.g., Pakistani, African). Gender was also recorded. This was 
done to give a blunt, objective measure of approximate hand appearance in terms of 
skin colour, size, hair-coverage, etc. 
On completion of the RHI induction at each of the nine trials, the experimenter made 
a rating of the visuo-tactile brushing ‘effectiveness’. This rating was from 0% to 
100%, with 0% representing no match and 100% representing a complete match 
between the brushing on the participant’s own hand and the hand image (in terms of 
brushing angle, pressure and timing). 
 
 
3. Results 
3.1. Comparison of subjective and drift scores in the In vs. Out Condition 
A mixed 2 x 2 ANOVA with factors Measure (two levels: subjective RHI 
questionnaire total, mean drift) and Group (two levels: Out Condition, In Condition) 
revealed a significant interaction of Measure x Group, F(1,48) = 8.01, p = .007, η2p = 
.14. There was also a significant main effect of Measure and Group, but these were 
not interpreted due to the presence of the significant interaction. We then analysed the 
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levels of drift and subjective illusion in the two groups separately to determine the 
nature of this interaction. 
3.2. Proprioceptive drift magnitude (drift) 
Overall, a high number of participants demonstrated significant levels of change in 
position estimation of the hand subjected to the illusion (74% had a drift magnitude 
significantly greater than zero using one-sample t-tests with Bonferroni corrections 
for multiple comparisons). 
Post-RHI error was subtracted from pre-RHI error to create the drift magnitude score 
(see Table 1 for pre and post raw scores). This score was used for our experimental 
comparisons as it represents the absolute value of change caused by the illusion. In 
both conditions, One-sample t-tests showed drift magnitude was significantly greater 
than zero – indicating a change in felt location from actual position towards the hand 
image when the illusory shift was towards the body (In Condition, M = 1.31, SE = 
0.30; t(21) = 4.38, p < .001) and away from the body (Out Condition, M = 2.60, SE = 
0.24; t(27) = 11.05, p < .001)2. 
These results demonstrate that the illusion was effective in creating drift in both the In 
and Out Conditions. However, directly comparing the drift values using an 
independent samples t-test we found that there was significantly more drift in the Out 
Condition than the In Condition, t(48) = -3.43, p = .001, d = .97. 
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Table 1. Position estimation for the In and Out Conditions. Pre-RHI error refers to 
the estimation of hand position before the RHI induction, Post-RHI the estimate taken 
directly after RHI induction. Pre was subtracted from post-RHI error to create a 
difference score, called drift magnitude, representing change in felt position resulting 
from the illusion. 
In Condition Out Condition 
Pre-RHI error M = 2.62 
SE = 0.37 
M = 3.83 
SE = 0.47 
Post-RHI error M = 3.94 
SE = 0.38 
M = 6.43 
SE = 0.38 
Drift Magnitude 
(Post-Pre) 
M = 1.31 
SE = 0.30 
M = 2.60 
SE = 0.24 
3.3. Subjective self-representation: RHI Questionnaire (RHIQ) 
Total RHIQ Scores were quite low overall, i.e. close to 0, ‘neither agree nor disagree’ 
(In Condition, M = .061, SE = .180; Out Condition, M = .324, SE = .106) [range: -3 
to +3]. Analysis of individual scale scores revealed this low value was caused by 
some scales receiving positive endorsement (i.e. ‘agreement’) and some negative 
endorsement (i.e. ‘disagreement’). Almost all the individual scales, however, received 
statistically significant endorsement (i.e. mean value greater than zero using a one-
sample t-test, see Figure 2). Qualitative endorsement (positive or negative) of scales 
was identical across conditions indicating high similarity in the nature of subjective 
RHI experience between conditions [see Figure 2]. Participants in both conditions 
reported experiencing changes in embodiment [Embodiment], ownership [Ownership, 
Botvinick and Cohen (1998) Ownership] and perceived location [Location]. All 
participants reported the experience being positive [Affect] and no altered sensation in 
their hand [Sensation]. 
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Figure 2. Mean endorsement of RHI Questionnaire Total and scale scores for the In 
[light grey bars] and Out [dark grey bars] Conditions. Bars projecting to the right 
represent positive endorsement of that scale. Projections to the left represent negative 
endorsement. Asterisks represent comparison of mean scale score with zero (using t-
tests with Bonferroni corrections for multiple-comparisons), * indicates significance 
at or below .05 alpha and ** indicates significance at or below .001. 
A mixed 2 x 11 ANOVA compared Condition (In vs. Out) and RHI Questionnaire 
Scale (11 scales). It revealed a significant main effect of Scale, F(10, 480) = 65.12, p 
< .001, demonstrating the varying levels of endorsement across the scales. The main 
effect of Condition was not significant, F(1, 48) = 1.82, p = .183, suggesting levels of 
subjective illusion intensity were equivalent in the In and Out Conditions. The 
! 182!
interaction of questionnaire condition and direction was also non-significant, F(10, 
480) = .614, p = .802. 
3.4. Correlation of subjective and drift RHI outcomes 
The relationship between subjective and drift RHI outcomes within each condition 
was assessed separately using Pearson’s Correlation Coefficients (using Bonferroni 
corrections for multiple comparisons). The relationship between proprioceptive drift 
and subjective illusion was found to differ between conditions. There was a 
significant positive correlation between the RHIQ total score and drift magnitude in 
the In condition (r = .473, p = .026), whereby as level of drift increased so did 
endorsement of the questionnaire. No such relationship was seen in the Out condition 
(r = .144, p = .464). 
A Fisher r-to-z transformation was completed to compare the significance of the 
correlation between drift and RHIQ total between the In and Out Conditions. A 
significant difference was found between the correlations in these two conditions, z = 
1.21, p > .05 (using a two-tailed comparison). This demonstrates, the correlation in 
the In Condition (which was significant), was significantly larger than the correlation 
in the Out Condition (which was null). 
Looking at the subscales, the Botvinick and Cohen (1998) scale also correlated with 
drift in the In (r = .412, p = .05) but not Out (r = .158, p = .432) Condition which is 
consistent with previous studies employing the same measure (Botvinick & Cohen, 
1998; Lenggenhager et al., 2007; Longo et al., 2008). Various other subscales were 
approaching significance in the In Condition but no subscales were related to drift in 
the Out Condition [see Table 2]. 
3.5. Individual differences in illusion intensity – High vs. low illusion analysis 
Previous studies have demonstrated that there is variation in the experience of the 
RHI across participants, with some experiencing it to a greater or lesser extent (Asai, 
Mao, Sugimori, & Tanno, 2011; Mussap & Salton, 2006; Peled, Ritsner, Hir- 
schmann, Geva, & Modai, 2000). It was thought that the participants who were not 
affected by the illusion might be reducing variability in the total proprioceptive drift 
score by the inclusion of their mean scores which would be consistently zero or close 
to zero centimetres change. This could potentially obscure the relationship between 
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subjective and drift RHI outcomes. To address this, participants experiencing high 
levels of illusory position change were identified and analysed as a separate group. 
Participants with mean drift magnitude falling in the top quartile (25%) of scores were 
selected (In [N = 7], M = 3.00, SE = 0.41; Out [N = 10], M = 3.96, SE = 0.83). Within 
this group, the correlation between drift magnitude and Total RHIQ subjective 
intensity was more strongly significant (compared with the whole sample) in the In 
Condition (r = .831, p = .021) but remained non-significant in the Out Condition (r = 
.280, p = .260). 
! 184!
Table 2. Pearson’s Correlation Coefficients for the relationship between subjective (RHI Questionnaire Total and scales) and proprioceptive 
(Drift Magnitude) RHI outcomes. These are listed for the sample as a whole (left columns) and for the ‘high drift group’ [top quartile of drift 
magnitude scores] (right columns) alone. 
Whole-sample: 
Correlation with 
drift magnitude 
High-drift group: 
Correlation with 
drift magnitude 
Whole-sample: 
Correlation with 
drift magnitude 
High-drift group: 
Correlation with 
drift magnitude 
Condition Subscale Embodiment 
subscale 
In Out In Out Condition In Out In Out 
RHI Total r 
p 
0.473 
0.026 
0.144 
0.464 
0.831 
0.021 
0.391 
0.264 
Movement 0.225 
0.314 
0.203 
0.300 
0.378 
0.403 
0.180 
0.619 
Embodiment r 
p 
0.387 
0.075 
0.205 
0.296 
0.771 
0.042 
0.373 
0.289 
Affect 0.325 
0.141 
-0.014 
0.943 
0.558 
0.193 
0.053 
0.885 
Ownership r 
p 
0.400 
0.065 
0.198 
0.312 
0.859 
0.013 
0.372 
0.290 
Sensation 0.109 
0.630 
-0.066 
0.738 
0.766 
0.045 
0.392 
0.263 
Location r 
p 
0.475 
0.032 
0.190 
0.333 
0.811 
0.027 
0.508 
0.134 
Supernumerary 
limb 
0.237 
0.289 
-0.359 
0.061 
-0.056 
0.904 
-0.179 
0.621 
Agency r 
p 
0.054 
0.810 
-0.030 
0.881 
0.470 
0.287 
-0.203 
0.574 
Botvinick & 
Cohen 
0.412 
0.050 
0.158 
0.423 
0.693 
0.084 
0.427 
0.218 
Loss of hand r 
p 
0.410 
0.058 
0.177 
0.367 
0.062 
0.895 
0.113 
0.757 
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Once again, a Fisher r-to-z transformations with two-tailed comparisons demonstrated the 
significance of the correlation between drift and RHIQ total was significantly different in the 
In and Out Conditions, z = 2.97, p < .05 (with the In correlation being larger than the Out). 
Also within the high-drift group, Pearson correlation statistics (corrected for multiple 
comparisons) showed a number of additional RHIQ subscales (Embodiment, Ownership and 
Sensation) became correlated with drift in the In Condition though all correlations remained 
non-significant in the Out Condition [see Table 2]. 
Overall, in the In Condition a relationship was seen between proprioceptive drift and, not 
only the RHIQ total scale, but also a number of subscales. In the Out Condition, however, 
there was no relationship between the amount of subjective RHI – total or scales – and drift 
magnitude. 
3.4. Similarity in appearance ratings 
General rating statistics 
Appearance scores ranged from 1 to 8 in the In condition and 1 to 10 in Out [full range, 1–10] 
with low overall means (i.e. close to 5, ‘neither similar nor dissimilar’) in both conditions (In, 
M = 5.54, SE = 0.41; Out, M = 5.18, SE = 0.45). Independent- Groups t-tests revealed there 
were no significant differences in appearance ratings between In and Out Conditions, t(48) = 
-.58, p = .565. 
Relationship between appearance ratings, subjective illusion and drift 
Pearson’s Correlation Coefficients demonstrated there was no evidence of an association 
between appearance ratings and drift (In, r=.035, p=.877; Out, r=.052, p=.791) or RHIQ total 
(In, r=.306, p=.166; Out, r=.249, p=.202) in either the In or Out Conditions. This was in line 
with predictions in so far as change in position estimation had no effect on visual perception 
of the rubber hand. Contrary to predictions, however, the relationship between similarity in 
appearance ratings and subjective illusion intensity seen in Longo et al. (2008) was not 
demonstrated in this experimental context. 
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Subjective vs. objective perceptions of appearance similarity 
Appearance ratings were analysed for their relationship with experimenter ratings of skin-
tone and gender. This was done to assess whether participant’s ratings of appearance matched 
these more objective markers of appearance. One-Way ANOVA tests (one per RHI direction 
condition) revealed there were no significant differences in appearance ratings between 
individuals with light (e.g., Caucasian), medium (e.g., Asian) or darker (e.g., African) skin-
tone in either condition (In, F(2) = 1.50, p = .249; Out, F(2) = 0.03, p = .969), meaning actual 
differences in hand appearance (in terms of colour) had no effect on similarity ratings. 
Females reported higher ratings of similarity in appearance than males in the Out Condition 
(Females, M = 6.16, SE = .47; Males, M = 4.22, SE = .64; t(26) = -2.39, p = .024) but not the 
In Condition (Females, M = 5.64, SE = .66; Males, M = 4.73, SE = .60; t(20) = -1.01, p = 
.324)3. Therefore, only in the Out Condition did gender – an objective marker of appearance 
similarity (in terms of size, skin-texture and hair-coverage) correlate with appearance scores. 
Overall, it appeared that objective similarity in appearance was not related to ratings of 
appearance similarity. 
3.5. Similarity in felt brushing ratings 
General rating statistics 
Unlike appearance ratings, brushing ratings were quite high, ranging from 4 to 10 with a 
mean of 8.55 (SE = 0.33) in the In Condition, and from 7 to 10, mean 9.07 (SE = 0.16) in the 
Out Condition. Brushing ratings were significantly higher than appearance ratings in both In 
(t(21) = -6.41, p < .001) and Out (t(27) = -8.13, p < .001). There were no significant 
differences in overall ratings of brushing similarity between conditions, t(48) = -1.418, p = 
.166. The data suggest that overall participants in both conditions felt the tactile stimulation 
they felt on their own hand matched that seen on the rubber hand. 
Relationship between brushing ratings, subjective illusion and proprioceptive drift 
We then investigated whether RHI outcomes were related to the participant’s perceived 
effectiveness of the visuo-tactile manipulation. As with appearance ratings, Pearson 
Correlation Coefficients demonstrated a non-significant relationship between drift magnitude 
and brushing in the In (r = .142, p = .529) and Out Conditions (r = .236, p = .228). Felt shifts 
in location (proprioceptive drift) did not alter tactile perception. In the In Condition, brushing 
correlated significantly with RHIQ total (r = .428, p = .047): as subjective illusion intensity 
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increased, so did the perceived similarity between brushing seen on the rubber hand and that 
felt on the participant’s own hand. There was no such relationship between RHIQ total and 
brushing (r = .170, p = .386) in the Out Condition supporting an alteration in the nature of 
subjective RHI experience when top-down body information was violated. 
 
Footnote3 The hand image used was a set of Caucasian, female hands. Nails were cut short 
to reduce the impact of this gender-defining appearance feature, making the hands somewhat 
more gender-neutral. 
 
Subjective vs. objective perceptions of brushing similarity 
Experimenter ratings of RHI brushing precision were analysed. Trial scores were averaged to 
produce an overall score for each participant. Brushing precision was deemed to be high (In, 
M = 96.82%, SE = 2.41; Out, M = 94.64%, SE = 1.96) and did not differ significantly across 
In–Out Condition, t(48) = .709, p = .482. Though this measure relies on human judgement 
and therefore potentially susceptible to situational fluctuations, the experimenter was blind to 
the levels of subjective illusion and drift, which reduced the likelihood of experimenter bias 
confounds. 
 
4. Discussion 
4.1. Our question 
In the current study, we used a modification of the rubber hand illusion induction to 
investigate the relationship between various multisensory aspects of self-representation. 
Specifically, we wanted to know whether self-localisation (the estimated position of the body 
in space based on multisensory cues) was a distinct component to subjective self-
representation (i.e. ownership and embodiment of the body). 
Much information regarding the multisensory basis of self-representation has come from 
research using the rubber hand illusion (Costantini & Haggard, 2007; Ehrsson et al., 2005; 
Ehrsson et al., 2004; Longo, Schüür, Kammers, Tsakiris, & Haggard, 2009; Tsakiris, 2010; 
Tsakiris, Costantini, & Haggard, 2008). Several models of this process have been derived 
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from such research. One popular model suggests that, in the rubber hand illusion, the 
intermodal matching of visual and tactile inputs seen on the rubber hand and felt on the own 
hand cause subjective ownership and embodiment of the rubber hand (Botvinick & Cohen, 
1998; Tsakiris, 2010). Subsequently, it is then suggested that this subjective ownership 
causes a shift in position sense of the participant’s hand from its actual location, towards the 
rubber hand (Botvinick, 2004). In contrast to this, several lines of research suggest that 
subjective and drift outcomes of the RHI are actually distinct aspects of self-representation 
that may be grounded in similar, but distinct mechanisms of multisensory integration (Rohde 
et al., 2011). Supporting the concept that these two components are related, several studies 
have indeed found that the levels of subjective and drift RHI outcomes are correlated 
(Botvinick & Cohen, 1998; Longo et al., 2008; Lopez et al., 2010). 
Here we wished to provide support for the dissociation of these components by using a 
manipulation we had previously developed that directly manipulates the magnitude of drift. 
We expected our intervention to alter drift magnitude but have no effect on subjective illusion 
outcomes. In this way we predicted we would reduce the normally existing correlation 
between subjective and drift RHI outcomes, and thereby demonstrate a dissociation by 
manipulation of one without effect on the other. 
The manipulation used was related to the proximity of the actual hand to the habitual action 
space of the arm. This location is where the upper arm is by the torso and the forearm is 
extending at 90º from the body, parallel to the ground (Howard et al., 2009). In a previous 
experiment (presented in Chapter Three) we demonstrated that there is greater integration of 
visuo-proprioceptive inputs when the actual hand is in the habitual action space as compared 
to more lateral positions. Therefore, we devised one experimental condition where the hand 
of the participant was in this location (i.e. hand approximately at the shoulder position) and 
the RHI moved the hand out, away from this location towards extracorporeal space (Out 
Condition). This was compared with another condition where the real and rubber hands were 
in the converse positions: with the actual hand laterally out from the shoulder and the illusion 
moving felt position in towards the habitual action space. Participants were randomly 
allocated to either group. Subjective illusion outcomes were measured in both conditions with 
a questionnaire. We predicted that there would be greater drift in the Out as compared to the 
In condition but that there would be no modulation of subjective illusion. Correspondingly, 
we predicted there would be a significant correlation between subjective and drift outcomes 
in the In condition but not the Out condition. 
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Results 
Supporting our predictions, we found drift to be of a larger magnitude in the Out condition 
than In condition. There was no significant difference, however, in the overall score for the 
questionnaire or any of the subscales between the two conditions. Analysis of the 
questionnaire subscales provided more detailed information about the exact nature of 
subjective RHI experience. We saw items matching the Botvinick and Cohen (1998) 
Ownership scale correlated highly with drift in the In Condition suggesting felt ownership of 
the hand was associated with drift magnitude. This finding is consistent with various previous 
studies that incorporated this scale in their measure of subjective RHI (Botvinick & Cohen, 
1998; Lenggenhager et al., 2007; Longo et al., 2008) supporting the validity of our RHI Total 
scale. 
Finally, there was a positive correlation of subjective illusion total score and drift magnitude 
in the In condition – demonstrating that under normal conditions, the more you 
psychologically perceive changes in embodiment and ownership over the rubber hand, the 
greater alteration in position sense you experience. There was no such correlation in the Out 
condition. When looking at the high drift illusion group alone, this relationship became even 
more evident with a much stronger correlation between subjective and drift RHI outcomes in 
the In Condition. We believe this demonstrates that by explicitly manipulating drift in the Out 
condition (by placing the real hand in the habitual action space of the arm, and shifting felt 
position out from the body), this meant there was no relationship with the natural level of 
subjective illusion experienced – as this had not been altered. Thus our manipulation meant 
the levels of the two factors no longer varied together, but were independent. 
Consistent with this, in the In Condition, a significant positive correlation was found between 
subjective RHI and self-rated similarity in tactile perceptions – in that participants reporting 
high levels of subjective embodiment of the hand image perceived a greater match between 
tactile sensations administered to the hand image and those felt on their own hand. This 
relationship, however, also became non-significant in the Out Condition. We propose this too 
demonstrates the alteration of drift in the Out condition means the score no longer showed the 
natural patterns of variation with other related, but distinct multisensory mechanisms related 
to subjective self-representation. 
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This finding adds to the new but growing body of evidence (Holle et al., 2011; Kammers et 
al., 2008; Rohde et al., 2011) that human self-representation consists of a number of distinct 
processes supported by separate neural subsystems.  
4.2. Separate multisensory models of self-representation 
Subjective self-representation 
Given this distinction, what is the nature of the mechanism supporting the subjective 
representation of self, and therefore, subjective RHI outcomes? Some suggest subjective self-
representation is governed by processes of intermodal matching (Botvinick & Cohen, 1998; 
Ehrsson et al., 2004; Ehrsson et al., 2005; Tsakiris, Costantini, & Haggard, 2008). In this 
process, sensory inputs that arise on the body in precise temporal and spatial synchrony are 
determined to be caused by the same event and are, therefore, integrated. This allows related 
multisensory body inputs to be perceived as a single, coherent percept – rather than a jumble 
of concurrent signals. Intermodal matching leads the object of stimulation to be identified as 
self, which produces the psychological experience of subjective self-representation 
(Botvinick & Cohen, 1998; Ehrsson et al., 2004; Ehrsson et al., 2005; Tsakiris et al., 2008). 
Therefore, in the RHI, synchronicity between visual inputs seen on the rubber hand and 
tactile inputs felt on the participant’s own hand cause incorporation of the rubber hand into 
the body image and the rejection of the own hand. 
Activity in ventral premotor (PMv) and cerebellar areas has been associated with subjective 
self-representation in fMRI studies of the RHI. Ehrsson and colleagues found levels of BOLD 
activity correlated directly with reported levels of subjective illusion, and, activity-onset 
matched self-reported illusion onset (Ehrsson et al., 2004; Ehrsson et al., 2005). Such 
findings are aligned with previous research regarding the functions of the PMv and 
cerebellum. The PMv is known to receive inputs from visual and somatosensory areas in the 
posterior regions of the parietal cortex (Rizzolatti, Luppino, & Matelli, 1998) allowing 
detection of concurrent inputs from the body. The cerebellum has been linked functionally 
with parietal and premotor cortices (Dum & Strick, 2003) and is thought to be involved in the 
analysis of timing of sensory inputs (Blakemore, Frith, & Wolpert, 2001) making it a likely 
candidate for integration of inputs in the self-other discrimination process. This research 
suggests the critical role of the PMv and cerebellum in analysing the synchronicity of 
multisensory bodily inputs in determining self from non-self objects. 
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Multisensory self-localisation 
Changes in self-localisation in the RHI are likely to be based in a more simple mechanism of 
multisensory integration based on the recalibration of felt position by visual information. 
Under normal conditions, afferent kinaesthetic and somatosensory information is the most 
important sensory source of information in the estimation of limb position (Guerraz et al., 
2012; Teasdale et al., 1993). The RHI creates a mismatch between felt and seen limb position 
information causing the brain to assess the reliability of information from these two systems 
(van Beers, Sittig, & Dernier van der Gon, 1999). Visual information overrides 
proprioceptive due to the inherent high acuity of the visual system and the [typically] high 
quality of the visual information available in the RHI context (e.g., high luminance, direct 
viewing orientation) (Rohde et al., 2011). Thus, the reweighting of sensory inputs causes the 
felt position of the hand to be altered to match the visual position of the hand, i.e. change in 
position estimation. 
It was once thought that under all situations of uncertainty, felt position would be ‘captured’ 
to match visual position (Hay, Pick, & Ikeda, 1965; Rock & Victor, 1964; Singer & Day, 
1969). In fact, it now appears that the central nervous system selects the sense with the 
optimal reliability to make the required judgement on a case-by-case basis. This flexibility 
allows for the construction of the most accurate perception of body position based on 
available sensory information (Ernst & Bülthoff, 2004; Fitzpatrick & McCloskey, 1994; 
Guerraz et al., 2012; van Beers et al., 1999). 
There is indeed evidence that the neural locus for this system is indeed distinct from the 
system supporting subjective self-representation. As mentioned previously, rTMS of the IPL 
produces a marked reduction in RHI outcomes of drift suggesting this area is critical to online 
modulation of body perception. Damage to the left IPL has been linked with clinical deficits 
in the ability to locate and position body parts (autotopagnosia; Ogawa & Inui, 2007; Ogden, 
1985) further supporting its role in analysis of the current body state and spatial relationships 
between limbs. Activation in the right insular cortex and frontal operculum has been found to 
correlate positively with drift levels (Tsakiris et al., 2007). This activation appears to 
represent the alteration in felt position to match the visual rubber hand position (Kammers et 
al., 2008) again supporting the role of the insular and operculum in self-localisation. 
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Separate but covarying? 
While they are indeed independent constructs, various studies (including ours) have found 
subjective and drift RHI measures to covary (Botvinick & Cohen, 1998; Longo et al., 2008; 
Lopez et al., 2010). We believe this correlation most likely reflects the function of a remote 
common mechanism that determines susceptibility to both forms of RHI outcome, rather than 
a direct causative relationship as was once thought. Rohde et al. (2011) propose a strong 
reliance on vision in body judgements might lead to both increased visuo-proprioceptive 
recalibration (drift) and intermodal matching of visual and tactile inputs causing felt 
ownership. Thus, levels of subjective and drift outcomes would covary without directly 
causally affecting each other. In the light of this dissociation, relationships between other 
components of self-representation that are assumed to be causative (e.g., physiological RHI 
outcomes that are hypothesised to be caused by changes in subjective ownership) may require 
further exploration. 
4.3. Other brain areas critical to self-representation 
The representation of self is a complicated and multifaceted process. The RHI is a neat 
paradigm that can easily and quickly manipulate two particular aspects of self-representation 
– subjective ownership and embodiment as well as position estimation. As mentioned 
previously, these alterations have been demonstrated to critically be supported by the PMv 
and IPL respectively. In the same way as these two RHI outcomes cannot be said to represent 
the entire spectrum of the human experience of ‘selfhood’ we do not suggest here that these 
two brain areas support the entirety of self-representation. 
One area that must be mentioned in a discussion of self-representation is the posterior parietal 
cortex which is critically involved in multisensory coding of body part position [in non-
human primates] (Graziano, Cooke, & Taylor, 2000), recursive recalculation and updating of 
the current body state from sensory and motor signals (Wolpert, Goodbody, & Husain, 1998), 
the storage of multiple internal reference frames for the encoding and use of sensory 
information (Bernier & Grafton, 2010), monitoring internal vs. externally generated actions 
(Ogawa & Inui, 2007b) and – in non-human primates – the alteration of the body schema to 
incorporate external objects, such as tools (Iriki, Tanaka, & Iwamura, 1996). 
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4.4. ‘RHI susceptibility’ should be considered separately for subjective and drift outcomes 
‘RHI susceptibility’ refers to the ability to experience the illusory effect of the RHI. 
Analysing the prevalence of RHI effects in different groups and under different experimental 
conditions can reveal important information about the necessary and sufficient conditions 
required to manipulate human bodily experience. We suggest that consideration of RHI 
outcomes as a unitary phenomenon in the past may have lead to misrepresentation of this 
susceptibility in the literature. Often, due to the assumed causative relationship, estimates are 
based on one measure (subjective or drift) alone and these terms are used interchangeably or 
combined into a blanket representation of both outcomes (Costantini & Haggard, 2007; 
Kammers et al., 2008; Tsakiris & Haggard, 2005). 
If position estimation alterations in the RHI are simply a product of an inter-sensory bias that 
is common to all perceptual systems than drift towards the rubber hand should occur 
whenever false visual information about the hand position is presented. Consistent with this 
idea, our study found the majority (75%) of individuals showed levels of drift significantly 
greater than zero. If drift is as ubiquitous as we believe, ‘non-significant drift’ (in our study 
and others) may simply be caused by experimental power that is too low to detect a small 
(but existing) effect. 
A number of pathological groups have been identified as having altered susceptibility to the 
RHI in terms of intensity and time to onset of illusion. In some groups predisposition to the 
illusion is increased, as in individuals with schizophrenia (Peled et al., 2000), schizotypal 
personalities (Asai et al., 2011), eating disorders, particularly bulimia (Fiehler, Burke, Engel, 
Bien, & Rösler, 2008; Mussap & Salton, 2006), and dissociation disorder (Kanayama, Sato, 
& Ohira, 2007); and in some groups, reduced, such as those on the Autistic spectrum (Cascio, 
Foss-Feig, Burnette, Heacock, & Cosby, 2012). Various theories have been put forward for 
altered RHI experience within these groups including increased malleability of body-
representation (in eating disordered individuals, Mussap & Salton, 2006), altered functional 
connectivity (in schizophrenics, Peled et al., 2000) and either an over-reliance on 
proprioceptive inputs or under-reliance on visual information (in those with autism spectrum 
disorder, Cascio et al., 2012). 
Investigating susceptibility to subjective and drift RHI outcomes separately could provide 
much more specific information about the nature of body representation deficits in clinical 
groups than considering them together. For example, selective alterations in proprioceptive 
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drift with the sparing of subjective embodiment and ownership may indicate an aberration in 
the weighting of sensory information in bodily judgements in the IPL. Specific modulation of 
subjective representation however could indicate a fault in intermodal matching systems in 
the PMv. A bimodal RHI susceptibility measure could have great utility within the field of 
psychopathy. 
4.5. Production of drift away from the body location demonstrates drift in the RHI is more 
than an attentional bias to central space 
To our knowledge, this study and that presented in Chapter Three, are the first to successfully 
produce alterations in perceived limb position (i.e. proprioceptive drift) away from the body 
into extracorporeal space using the RHI. Two previous studies had also performed this 
manipulation but had failed to account for the effects of variable accuracy of hand 
localisation across the workspace of the arm (Cadieux et al., 2011; Preston, 2013). It could be 
argued, therefore, that the question of whether felt position could be shifted away from the 
body remained open. 
Given that drift had previously been created exclusively towards the body, it was impossible 
to know whether some, if not all, of the change previously attributed to the RHI manipulation 
was actually a product of a bias towards central space or natural position recalibration (not 
caused by the illusion). Humans are known to have a strong attentional bias to the visual 
space where most manual behaviours occur, central peripersonal space (Downing & Peelen, 
2011; Lloyd, Azañón, & Poliakoff, 2010; Losier & Klein, 2004). It has been suggested that in 
the absence of visual information felt limb position shifts in towards the body midline when 
the hand is kept still (Beers, Sittig, & Denier van der Gon, 1998; Ghilardi, Gordon, & Ghez, 
1995; van Beers et al., 1999) and during action execution (Holmes et al., 2006) [though, see 
Desmurget et al. (2000) who found no proprioceptive drift over time]. 
From these results, it could be inferred that position estimation towards the body documented 
in RHI experiments could simply have resulted from a reduction in the ability to localise limb 
position (due either to lack of visual position information and/or the degradation in 
kinaesthetic cues due to the limb being held still over the RHI induction). The production of 
drift in and out from the body in our study demonstrates it is possible to draw felt position 
away from the body and supports the productive role of RHI induction in such perceptual 
alterations. 
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Interestingly, a number of disorders affecting body representation involve a shift of self-
location away from the actual body position. These include out of body experiences (and 
other autoscopic hallucinations) where the individual feels their self is located outside their 
body (Blanke & Arzy, 2005; Blanke et al., 2004) and somatoparaphrenia, where a body-part 
or whole side of the body is attributed away from the participant onto another individual 
(Feinberg, Venneri, Simone, Fan, & Northoff, 2010; Losada-Del Pozo et al., 2011; Vallar & 
Ronchi, 2009). Similarities between these disorders and the strange perceptual alterations in 
RHI suggest a common mechanism of multisensory integration may underlie these various 
disruptions of self-representation. 
4.6. Evidence subjective-embodiment can alter perceptions of touch 
Self-representation is especially important to the experience of touch because the body forms 
part of the tactile experience (de Vignemont, Ehrsson, & Haggard, 2005). In the current study 
we found evidence that incorporation of a false hand into the self-representation can alter 
perception of tactile inputs on the participant’s own hand, whereby felt touch on the own 
hand is assimilated to match seen touch on the false hand. We found that participants with 
high levels of subjective illusion had significantly higher ratings of matching between tactile 
inputs seen on the ‘rubber’ hand image and those felt on their own hand, compared to those 
experiencing low subjective illusion – even though no such differences actually existed (as 
determined by analysis of variations in actual tactile inputs using experimenter ratings of 
brushing effectiveness [see Methods, Section 2.7]). This indicates that perception of tactile 
inputs was independent of actual variation in brushing administration. We propose that if 
actual tactile similarity did not affect the perceived similarity, then this is most likely caused 
by the incorporation of the seen hand into the body representation. 
The modulation of tactile perception by visual information is supported by other experiments 
that demonstrate perceptions in one modality can be skewed to match information from 
another modality. For example, double-flash experiments where an illusory flash in a visual 
stimulus is caused by bursts of auditory noise (Shams, Kamitani, & Shimojo, 2002). In the 
opposite direction, the modulatory effect of vision on auditory perception has been well 
established in ventriloquist effect studies (Haans, Kaiser, Bouwhuis, & Ijsselsteijn, 2012; 
Shams et al., 2002) and McGurk experiments (McGurk & Macdonald, 1976). 
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Unlike subjective outcomes, the association of drift outcomes and brushing ratings was non-
significant. This is further support for the dissociation of these two components of self-
representation. 
Previous research has demonstrated vision of the body can alter the perception of tactile 
inputs. For example, vision of a participants hand enhances tactile discrimination on that 
hand (Visual Enhancement of Touch, or VET) (Kennett, Taylor-Clarke, & Haggard, 2001; 
Taylor-Clarke, Kennett, & Haggard, 2002) even when this vision is non-informative. More 
recently Longo et al. (2009) demonstrated that it is perception of the own body not just any 
body that modulates tactile acuity. 
While these studies demonstrate improvement of tactile perception by vision of the own body 
(Kennett et al., 2001; Taylor-Clarke et al., 2002), our results indicate reduced detection of 
tactile inputs on the body. This may be because in our study participants were provided with 
a visual input that aims to override tactile experience where VET studies simply provide a 
still image of the body – thus no alternate stimulus to skew perception. Regardless of whether 
vision of the body increases or decreases acuity of tactile perception, the results of these 
various studies demonstrate the critical role of visual information in tactile perception. 
Akin to our results similar reductions in the influence of tactile inputs on perception by vision 
of the body have been seen in pain research. Looking at your own body while being exposed 
to a painful stimulus reduces both self-reported intensity and neural indicators of pain 
(Longo, Betti, et al., 2009). Interestingly, this analgesic effect is intensified when participants 
view an enlarged image of their hand and is reduced by a hand image smaller than veridical 
size (Mancini, Longo, Kammers, & Haggard, 2011). 
Contrary to predictions, our study did not produce a significant relationship between 
subjective RHI and perceived similarity in appearance as was found by the Longo group 
(2009). We believe this may be because our experimental methodology altered the nature of 
subjective RHI experience in a way that affected this relationship. Specifically, endorsement 
of the Embodiment subscale was somewhat reduced in our study compared with levels in the 
Longo et al. (2009) study. They found this particular scale to be critically important in 
producing the relationship between similarity in appearance ratings and subjective illusion. 
Along a different vein, this non-significant result may have been related to the phrasing of the 
similarity in appearance question itself. Some suggest that the internal mechanisms that 
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compares sensory information about the body to the body image (Tsakiris, 2010) appears not 
to be fully specified, with some aspects of appearance affecting RHI outcomes (such as size 
of the hand; Pavani & Zampini, 2007) but not others (like skin colour; Farmer, Tajadura-
Jiménez, & Tsakiris, 2012). Splitting the similarity in appearance question into a number of 
questions that independently assess these categories of appearance may reveal differences not 
found with our more generalised question. 
4.7. Limitations of the current study 
One limitation that should be addressed when considering the results of this study is that 
other measures of position estimation change (than the kind used here) may produce different 
results. We employed an estimation of body position that required participants to report aloud 
which number on a ruler best corresponded with the position of their hidden middle finger 
while their hands were kept still. Other studies have utilised active estimations of body 
location such as inter-manual reaches (Botvinick & Cohen, 1998) or reach-to- target actions 
(Heed et al., 2011). Evidence has recently been brought forward that suggests these different 
position change RHI measures are supported by different neural systems and therefore may 
be affected differently by RHI induction. For example, Kammers et al. (2009) found that 
immediate position estimation judgements are modified by rTMS over the IPL but subjective 
ownership over the rubber hand and ballistic motor movements are not (Kammers et al., 
2009). Future experiments may include a variety of position estimation measures, such as 
action based pointing measures, to allow a more complete picture of the effect of different 
multisensory interventions on these outcomes. 
 
4.8. Summary and conclusions 
Human self-representation is a complex process critically dependent on systems of 
multisensory integration. It is becoming clear that self-representation consists of several 
distinct components, with neural circuits in the PMv supporting subjective, first-person 
bodily experience and the IPL underpinning position estimation judgements and location of 
the self in space. We also found that incorporation of a hand image into self-representation 
can alter perception of tactile inputs, assimilating felt touch in line with visual touch 
information. In conclusion, while original theories regarding the neural mechanisms 
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underpinning the RHI require revision, this paradigm useful tool for navigating the 
complexities of human bodily experience. 
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Supplementary Section One – Analysis of the reliability of subjective and drift outcomes 
of the rubber hand illusion 
In the current experiment I present a series of correlations between subjective and drift 
outcomes of the rubber hand illusion (RHI). To ensure the validity of my conclusions it is 
necessary that the reliability of the subjective and drift measure data be demonstrated. This is 
because, unless the data are deemed to be reliable then it is difficult to interpret the 
correlational data – particularly with respect to the finding of a null correlation in the Out 
condition. 
Drift scores reliability analysis 
For the In and Out conditions, we assessed reliability of proprioceptive drift by computing 
the average inter-item correlation, Cronbach’s alpha and by doing a repeated-measures 
ANOVA between all scores. 
There were seven blocks of the rubber hand illusion induction in this experiment. This 
allowed us to compare the scores across these seven blocks to estimate the reliability. The 
average inter-item correlation of all seven drift scores was adequate, R = .540. However, 
when analysing the contributions of the various items to this total, it was clear that the 
correlations between the drift scores of blocks three-seven were very high, but the 
correlations of blocks one and two with blocks three-seven was reduced (see Table Supp1 
below). Indeed, when removing the first two blocks from the total, the average inter-item 
correlation increased to R = .693. 
! 209!
Table Supp1. Inter-item correlation matrix for drift scores from blocks one-seven from 
Chapter Four. 
Inter-Item Correlation Matrix           
  
Drift 
block 1 
Drift 
block 2 
Drift 
block 3 
Drift 
block 4 
Drift 
block 5 
Drift 
block 6 
Drift 
block 7 
Drift block 1 
       Drift block 2 0.181 
      Drift block 3 0.237 0.234 
     Drift block 4 0.096 0.302 0.715 
    Drift block 5 0.3 0.32 0.683 0.755 
   Drift block 6 0.214 0.244 0.632 0.772 0.748 
  Drift block 7 0.204 0.216 0.698 0.677 0.659 0.652 
  
Total 0.205 0.263 0.682 0.735 0.704 0.652 
 Grand total 0.540 
       
Consistent with the inter-item correlation values, the Cronbach’s alpha value revealed 
internal consistency of the drift scores (as indexed by all possible combination of split-half 
reliability) between the blocks was high, Cα = .845. This value increased when the drift 
scores from either block 1 or 2 were removed (Cα = .871 when removing block 1, Cα = .872 
removing block 2 and Cα = .920 when removing both). 
A repeated-measures ANOVA with the factor Raw Condition (nine levels: Block one-nine) 
was used to investigate whether the drift values from the first two blocks were different to 
those from the other blocks. This was done first for the RHI In group, revealing a non-
significant but trending main effect of Raw Condition, F(6,126) = 1.99, p = .072, η2p = .09. 
For the Out group, this main effect was significant, F(3,86) = 2.98, p = .003, η2p = .10. 
Inspection of the means suggested that in both the In and Out conditions, the first drift scores 
were similar in value in the In and Out conditions. After the first block, the drift became 
larger in the Out condition and smaller in the In condition i.e. it diverged in magnitude. This 
suggests there was some sort of settling in period during the first trial where participants 
adjust to the experimental set-up. After this, the drift scores settled into a very consistent 
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pattern. Indeed, once the first score was removed the main effects of Raw Condition became 
highly non-significant (p = .933 and p = .601 for In and Out respectively). 
 
Re-assessing our results with unreliable drift data removed 
Given the difference in the first score to the other scores, we wanted to reanalyse the main 
comparisons from our experiment to ensure that they still held when the first value was 
removed. An independent samples t-test revealed that drift was still significantly greater in 
the Out condition as compared to the In condition when the first drift block was removed 
from the mean, t(48) = -4.10, p < .001. A 2 x 2 mixed ANOVA with factors Measure (two 
levels: subjective RHI total, drift) and Group (two levels: RHI In, RHI Out) revealed there 
was still a significant interaction of Measure x Group, F(1,48) = 89.51, p < .001, η2p = .65. 
Finally, the correlation of subjective RHI and drift was still significant in the In group (R = 
.435, p = .043) and non-significant in the Out group (R = .219, p = .263). 
 
Therefore, while it appears the first value in both the In and Out groups was slightly different 
to the rest of the values, removing it from the data increased the reliability but did not 
influence the results. Given the results are the same and we had no a priori reason to remove 
the first value from the dataset, we retained the original results with all blocks of drift data. 
 
Subjective RHI scores reliability analysis 
Across the duration of the experiment the questionnaire regarding the experience of 
subjective RHI outcomes (hereafter ‘RHI Questionnaire’) was conducted twice. The RHI 
questionnaire was always conducted at the end of a block, following the post-test hand 
position estimation. Order of presentation of the questionnaires within the seven blocks was 
randomised. 
Repeating the questionnaire twice meant there were two full sets of questionnaire data and we 
could, therefore, compute the test-retest value to assess the reliability of the data. The 
correlation between the first and second presentations of the test was very high and 
statistically significant, R = .857, p < .001. This meant there was high test-retest reliability of 
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the questionnaire, suggesting it was a reliable measure. 
Conclusions 
Assessment of both the subjective and drift data supported the reliability of these measures. 
This suggests the correlations we present in the current experiment are not due to statistical 
artifacts caused by highly variable measurements. 
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Chapter Five: General discussion 
My aim, in the current thesis, was to investigate the nature of somatosensory perception. 
Through the series of experiments presented here, I aimed to understand whether experience 
modulates somatosensation and its associated processes . The first two experiments presented 
address this question by investigating how habitual patterns of daily action might shape the 
somatosensory system through the patterns of sensory input they cause. The final experiment 
used knowledge gained from the previous two experiments, about how multisensory 
integration of visual and somatosensory inputs can be modulated, to investigate a final 
question regarding the nature of multisensory processes supporting self-representation. 
Specifically, I asked whether self-localisation and subjective self-representation are 
dissociable components of holistic human self-representation. Following this experiment I 
discuss the neurocognitive evidence that these processes are subserved by separate, neutrally 
distinct mechanisms of multisensory integration. 
 
Part 1 – How do patterns of habitual action and input affect somatosensation? 
In Chapters Two and Three I present two experiments that suggest that habitual action of the 
hands affects not only tactile perception, but also the integration of somatosensory 
information with visual information. 
Experiment One 
In Experiment One (Chapter Two), I describe what has been revealed about the organisation 
of the somatosensory system and underlying relationships between finger maps using tactile 
perceptual learning paradigms (Sathian & Zangaladze, 1997, Kaas et al., 2013, Harrar et al., 
2014; Harris, Harris & Diamond, 1999; Spengler et al., 1997; Nagarajan et al., 1998). 
Specifically, I present research that suggests patterns of transfer of tactile learning reflect 
overlap in the representation of fingers in the somatosensory system (Harris et al., 1999; 
Harris et al., 2001; Harris & Diamond, 2000; Harrar et al., 2014; Muret et al., 2014). 
Computational models and experimental research are presented which suggest that patterns of 
coincident stimulation due to proximity on the body cause neighbouring body parts to sit 
adjacently in the cortex (i.e. the traditional idea of ‘body topography) (Detorkaris & Rogier, 
2014; Wang et al., 1995). Following the results of Experiment One, I discuss how this 
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mechanism could be extended to include action-based input schedules. My experiment 
demonstrates that transfer of learning occurs differently to two fingers which share the same 
topographic relationship with a trained finger – i.e. both ‘adjacent’ – but which have distinct 
use schedules with that finger (Ingram et al., 2009; Hager-Ross & Schreiber, 2000). I suggest 
this ‘use topography’ affects cortical finger relationships through Hebbian costimulation and 
therefore affects the transfer of learning – thus demonstrating a novel phenomenon in tactile 
perceptual learning. If it can be further supported that somatosensory perceptual learning is 
shaped by input schedules in action this would suggest a re-examination of the various 
‘principles’ of perceptual learning drawn from the visual sciences and applied to 
somatosensory learning (as has been common in the history of the field) (e.g., see Harrar et 
al., 2014). It also suggests that the classical definition of ‘topography’ might need to be 
expanded beyond simple neighbourhood proximity (Merzenich, Kaas, Sur & Lin, 1978). In 
sum, these results support the conclusion that habitual sensory input (as caused by action 
synergies) might affect somatosensory organisation and therefore, perception. 
Experiment Two 
In Experiment Two (Chapter Three) I address the effect of action and input schedules on 
perceptual outcomes using a complementary paradigm and a different modality within 
somatosensation. This was to ensure this principle was not exclusive to the tactile modality 
and to provide convergent support for the effect of habitual action on somatosensory 
processes. I asked whether the integration of proprioceptive and visual information is 
modulated by habitual patterns of motor input and affordances for action within the typical 
action space of the arm. Experiment Two implemented a modification of the rubber hand 
illusion (RHI) paradigm (Botvinick & Cohen, 1998) to explore the integration of 
proprioception and vision. The induction of this illusion involves the introduction of a spatial 
disparity between the veridical, felt position of the hand location and false visual position 
information. The recalibration of these spatially disparate hand position signals results in a 
shift of felt position from the actual location towards the rubber hand (Botvinick & Cohen, 
1998; Costantini & Haggard, 2007; Dempsey-Jones & Kritikos, 2014; Rohde, Di Luca, & 
Ernst, 2011; Tsakiris & Haggard, 2005). This shift is called proprioceptive ‘drift’ and is a 
measure of the weighted outcome of visuo-proprioceptive multisensory integration (Rohde et 
al., 2011). The outcome of this integration process, and thus the extent and direction of the 
shift is based on the evaluation of the reliability of available sensory inputs by the central 
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nervous system (see optimal integration theory: Lackner & Taublieb, 1984; Ernst & Bulthoff, 
2004). The results of Experiment Two indicate that other factors, in addition to a simple 
reliability-based weighting, modulate visuo-proprioceptive integration. I provide evidence 
that this integration varies across the workspace of the arm. This was reflected in the 
magnitude of drift, which was found to be maximal in the habitual action space of the arm, 
decreasing with lateral distance from the shoulder of origin. This was interpreted as being 
related to action in two principle ways: first, in the light of research suggesting that patterns 
of sensory stimulation through action shape the properties of perceptual systems (Karklin & 
Lewicki, 2009; Howard, Ingram, Kording & Wolpert, 2009, Wilf, Holmes, Schwartz & 
Makin, 2013; Ingram, Kording, Howard & Wolpert, 2009). Second, it is also consistent with 
research that suggests the potential for functional interactions within a space can alter 
perception within that space (Makin et al., 2010; Witt & Proffitt, 2008; Witt et al., 2005). 
Thus, it may occur as a result of historical action (and subsequent sensory stimulation 
patterns) or as a result of the prospect of future action in that space (reviewed in Brockmole, 
Davoli, Abrams, & Witt, 2013). These conclusions resonate with the findings of Experiment 
One and the idea of the somatosensory system as amenable to modulation by patterns of 
sensory input. 
Part two – Modulation of drift by proximity to action space provides evidence of the 
dissociation of self-localisation and subjective self-representation 
Experiment Three 
In Experiment Three (Chapter Four), I aimed to exploit the conclusions drawn from 
Experiments One and Two, which suggested somatosensory processes are modulated by 
patterns of habitual action. I wished to use the knowledge gained about how to manipulate 
visuo-proprioceptive integration to modulate position sense. This manipulation would allow 
me to investigate multisensory mechanisms of human self-representation. Principally, I 
wished to investigate the theory that self-localisation and subjective self-representation are 
distinct components of the representation of self and are subserved by separate mechanisms 
of multisensory integration. I hoped to demonstrate that by manipulating the position of 
participant’s hands with respect to the habitual action space I could selectively alter the drift 
outcome of the RHI but not the subjective illusion outcome. I utilised the same modified RHI 
induction (see Chapter Three and Four methods for details) (Botvinick & Cohen, 1998) to 
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study the integration of somatosensory and visual body position information. Again, 
proprioceptive drift was the outcome measure for the strength of this integration process. I 
wished to address directly a classic model put forward regarding the cause of drift. It has 
been suggested that intermodal matching, as caused by synchronous stroking of the real and 
rubber hand in the illusion induction, causes subjective, psychological changes regarding the 
rubber hand. That is, the rubber hand becomes embodied and is incorporated into the body-
representation. This in turn, causes the changes in felt location of the hand i.e. realignment of 
felt position with the false visual position, and subsequently, drift (Botvinick & Cohen, 1998; 
Tsakiris, 2010). 
I wished to provide evidence that proprioceptive drift occurs through the simple integration 
of visual and proprioceptive information regarding the hand, and subjective illusion outcomes 
represent a related, though dissociable outcome (see Holmes et al., 2006; Holle et al., 2011; 
Longo et al., 2008). In Experiment Three, therefore, I compared two RHI situations – one 
where the participant’s actual hand was located in the centre of the habitual action space and 
shifted felt position out, away from the body towards extracorporeal space (Out Condition). 
This was compared with a condition that induced RHI with the actual hand in the more lateral 
position and the hand image in the action space, shifting felt position towards the midline (In 
Condition). I found that the relationship between subjective outcomes and drift was altered in 
the Out condition, whereby they were no longer correlated (compared with no change in this 
relationship in the control condition). This supports the dissociation of subjective and 
‘behavioural’ RHI outcomes, because they are differentially affected by the proximity of the 
hand to the action space. Drift appears to be greater under such conditions, where subjective 
illusion is not affected. I discuss consistency of the current results with neurophysiological 
research suggesting distinct neural loci for visuo-proprioceptive integration (i.e. inferior 
parietal lobule: Kammers et al., 2008) and subjective RHI outcomes (ventral premotor areas: 
Ehresson et al., 2004; 2005). In sum, drift appears to be a useful tool for indexing 
multisensory integration but care should be taken in using it as a marker for higher-order self-
representation. 
 
The somatosensory system – General conclusions 
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Thus, the experiments of the current thesis provide multiple perspectives on the effect of 
action on the somatosensory system and its sub-modalities. While appearing to provide very 
different kinds of information and to be processed in different neural locations, the touch and 
proprioceptive modalities provide converging and complementary information. Tactile 
information comes from mechanoreceptive cutaneous receptors on the skin, is relayed to the 
brain through the thalamus and is processed throughout the primary somatosensory cortex 
(SI) (reviewed in Flanders & Soechting, 2015). Light-touch, which creates a small 
indentation on the skin is particularly processed in area 3b and area 1 of the somatosensory 
cortex (S. J. Bensmaia et al., 2008). Proprioceptive information about the body position 
comes from various receptors – including from muscle afferents, vestibular nuclei, joint-
position receptors (Grigg, 2010; Proske & Gandevia, 2009; Rossetti et al., 1994) – and is fed 
back to the cortex (particularly area 2 of SI: Kaas et al., 1979, and area 5 of the parietal 
cortex, Graziano et al., 2000). Importantly, touch can inform position estimation – as touch to 
the skin provides information regarding contact of the body with the outside world and the 
relative position of limbs, and skin stretch during movement activates tactile receptors to 
provide positional information (Edin & Johansson, 1995). Conversely, felt position affects 
touch, as evidenced by the alteration of tactile processing by spatial realignment of the head 
(Ho & Spence, 2007) and eyes (Harrar & Harris, 2009). Both tactile and proprioceptive 
information are fed back to the posterior parietal cortex, where they are integrated with other 
non-somatosensory sources of information (M. S. Graziano et al., 2000; Pasalar, Ro, & 
Beauchamp, 2010; Wolpert et al., 1998). This integration allows the central nervous system 
to ‘fill the gaps’ in our self-representation, e.g., provide additional position information when 
proprioceptive signals are weak, such as when the limb is stationary (Fitzpatrick & 
McCloskey, 1994) or allow an integrated percept with super-additive accuracy (i.e. more 
accurate than simple addition of information from each separate modality) (Stanford & Stein, 
2007). While there are certainly degrees of input from higher-order brain areas, various 
somatosensory processes appear to occur without their direct influence (Recanzone et al., 
1992, Wang et al., 1995, Jenkins et al., 1990).  
This conclusion has been supported by the current thesis, with Experiments One to Three 
collectively suggesting that consistent trains of sensory input profoundly modify 
somatosensory processes. Evidence was drawn from tactile perceptual learning studies and 
studies of multisensory integration of proprioceptive information. Together this series of 
experiments informs research regarding the nature of somatosensory perception and 
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integration. While it is possible to speculate, it is impossible from such research to conclude 
the precise location of such plasticity within the neural hierarchy. For example, evidence 
suggests tactile perceptual learning occurs in primary somatosensory cortex, and that the 
amount of behavioural change correlates with the amount of reorganisation in area 3b 
(Recanzone et al., 1992). However, conclusions which posit somatosensory process as either 
lower- or higher-order are now thought to be overly-simplistic (Harrar et al., 2014). Most 
current theories allow for conceptualisation of the roles of areas across the neural hierarchy as 
being involved, and the level being dependent of the task at hand. For example, tactile 
perceptual learning may occur higher up the neural hierarchy (e.g., in decision-making areas, 
Sathian et al., 2013) but critically must also ‘read-out’ from lower order topographically 
organised areas in SI to produce topographic transfer (Harrar et al., 2014). Law and Gold 
(2008; 2009), for example, have modelled how aspects of visual perception can occur in 
higher-order areas when a perceptual task is easy, but processing proceeds down the neural 
hierarchy when difficult, fine grained perception is required. It may be that such a principle 
applies to tactile perceptual learning also, though as suggested previously, work such as that 
presented in Chapter Two is beginning to reveal how complex differences might exist 
between perceptual learning mechanisms across modalities. 
In combination, this body of research provides insights into the plastic nature of the 
somatosensory system, revealing the extent to which it can be altered by within or external-
modality inputs. Within the tactile modality, for example, contingencies of repetitive touch 
(i.e. ‘training’ in perceptual learning paradigms), with or without feedback, allow a massive 
increase in the acuity of tactile perception (Sathian & Zangaladze, 1997, Kaas et al., 2013, 
Harrar et al., 2014). It also appears touch may improve through exposure to tactile stimuli 
only, without formal ‘training’ (reviewed in Seitz & Watanabe, 2005). Regarding the 
influence of external modalities, visual exposure to shape stimuli improves perceptual acuity 
in touch when discriminating the same shapes – and vice versa (Hughes, Epstein, Schneider, 
& Dudock, 1990). Visual information regarding the nature of a tactile stimulus improves 
detection of touch stimuli (Pasalar et al., 2010). Finally, auditory stimuli have been found to 
alter the detection of tactile pulses (Bresciani & Ernst, 2007) and change texture perception 
(Guest, Catmur, Lloyd, & Spence, 2002). 
Contrary to these improvement protocols, perceptual illusions bias somatosensory perception 
away from the veridical. Various experimental protocols have been used to manipulate 
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position estimation of the hand using visual information, e.g., the RHI (Botvinick & Cohen, 
1998; Costantini & Haggard, 2007; Dempsey-Jones & Kritikos, 2014; Rohde, Di Luca, & 
Ernst, 2011; Tsakiris & Haggard, 2005), mirror boxes (Altschuler & Ramachandran, 2007; 
Matthys et al., 2009; McCabe et al., 2005), prism goggles (Hatada et al., 2006; Newport & 
Schenk, 2012; Redding & Wallace, 2006; Rossetti et al., 1995). Understanding the nature of 
somatosensory processes, and the methods in which they can be altered, allows insight into 
the organising principles of the somatosensory cortex and mechanisms supporting 
somatosensory perception (Adab and Vogels, 2011, Law and Gold, 2008, Reed et al., 2011, 
Sathian et al. 2013). 
Beyond pure expansion of our basic understanding of neurocognitive brain mechanisms, 
research on somatosensory plasticity has critical application to the rehabilitation of 
somatosensory perception following injury or degradation (Rapp et al., 2002). Already, 
within the visual sciences, information from tactile perceptual learning is being applied to 
determine the most effective exposure and feedback schedules to allow optimal learning 
(Alissar & Hochstein, 1997; J Y Zhang et al., 2010, Harris, Gilksberg & Sagi, 2012). It is 
clear that similar principles of optimal learning need to be derived for tactile learning, though 
as yet, there has been no systematic attempt to do so. Further, evidence is accumulating that 
direct modulation of plasticity in the cortex can be achieved through pharmacological 
intervention, e.g., with GABA agonists (Dinse, Ragert, Pleger, Schwenkreis & Tegenthoff, 
2003) or deafferentation, e.g., through anaesthesia (T. Weiss et al., 2011) to improve tactile 
perception and learning or improve rehabilitation outcomes (Björkman, Rosén, van Westen, 
Larsson, & Lundborg, 2004). Repetitive tactile stimulation protocols are also being used to 
alter plasticity in the somatosensory cortex, reducing age related declines in touch and motor 
activity (Dinse et al., 2006). Interestingly, evidence has been brought forward regarding the 
distortion of tactile discrimination thresholds and general body schema in some clinical and 
non-clinical pain conditions, selectively in the painful area (Moseley, 2008; reviewed in 
Lotze & Moseley, 2007). Impairment has also been seen in mental motor imagery regarding 
affected body-parts, which scales with pain during movement of the same body part (Coslett, 
Medina, Kliot, & Burkey, 2010). This suggests that therapies working to realign these maps 
might hold potential for amelioration of such conditions. One highly popular example 
(though which has mixed support in the literature) is mirror box therapy, which is suggested, 
by its proponents, to allow realignments of distorted position estimation in affected limbs 
(e.g., in those with phantom pain or complex regional pain syndrome). This is achieved 
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through presentation of visual information regarding the limb, thus providing a multisensory 
intervention to reduce pain (Altschuler & Ramachandran, 2007). While the efficacy of this 
particular intervention has not been sufficiently established (see critique in Moseley, Gallace 
& Spence, 2008), it highlights the way in which medical professionals and the general public 
alike are extremely open in the current age to psychophysiological interventions developed 
by the scientific community based on an understanding of the systems on which they act. 
Hearteningly, it suggests there will be an important place for fundamental sensory research 
within the scientific and lay community in the future of psychology, health and medicine. 
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